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ABSTRACT

In the western North Pacific, meridional gradients of temperature, salinity and sound velozity
show considerable variation with depth. Gradients of frontal intensity (more than three times the rms
value) occur in the upper 600 m of the ocean. Fronts in the surface layer are spaced at irregular
intervals. Many deep fronts have no surface manifestation and are spaced at intervals between 300
and 600 km. A spectral analysis of the meridional gradients as functions of depth and longitude was
carried out for the wavenumber range between 0 and 13.4 cycles per 1000 km (c.p. 1000 km). The shape
of the power density spectra strongly depends on depth. In the upper 150 m the shape is irregular.
Between 300 and 600 m, the spectra show a well-defined peak between 1.5 and 3.3 c.p. 1000 km and a
sharp decrease in power beyond 10 c.p. 1000 km. While the shape of the power density spectra shows
little variation with longitude, there is a substantial decrease in the total power when crossing the
Emperor seamount chain. Meridional gradients at the sea surface are coherent with those in the
upper 150 m and incoherent with those below. Meridional gradients at 300 m have a good coherence
with those at greater depths. The coherence between meridional temperature and salinity gradients
increases with increasing depth. The depth dependence of the spectra and coherence is attributed to
different processes of gradiert formation in the upper and lower layers of the sea. A comparison of
the wavenumber spectra of the meridional gradients with the wavenumber spectra of zonal gradients
derived from Bernstein and White's (1977) and Wilson and Dugan's (1978) data shows that in each
case the dominant spectral peak occurs between about 1.5 and 3 c.p. 1000 km, indicating the prevalence
of features with zonal and meridional wavelengths in the 300-600 km range.

1. Introduction Many of the deep fronts have no surface manifesta-

The western Pacific is noted for numerous frrnts tion. In the upper 150 m, fronts are spaced at
- (Uda, 1938; Roden, 1975), eddies (Bernstein and irregular intervals, while those below have a tend-

White, 1974, 1977) and Rossby-type long waves ency to occur at regular intervals apart. This
(Kawai, 1972; Cheney 1977; Roden, 1977), which difference between surface and deep fronts points
occur together and give rise to a comp!icated thermo- to different dynamic processes of formation. In
haline structure. In March and April 1971, the R.V. the upper layer, fronts separate water masses of
Thomas G. Thompson made three long meridionai different origin and form primarily in response to
sections in the area (Fig. 1). The extraordinary differential horizontal advective and surface ex-
complexity of the thermohaline structure is revealed change processes, which vary considerably from

- -in Fig. 2, which shows a sound velocity section one geographical region to another. In the deep
along longitude 1680E, between latitudes 430 and layer, where vertical stratification is dominant,
20°40'N. The 2500 km long section is based on 37 fronts form primarily in response to differential
km horizontal and 3 m vertical sampling intervals, vertical advective processes. When the vertical
Frontal fea:ures, associated with strong meridional velocity is influenced by wave motion, regularly
gradients, appear in black (for the purpose of this spaced fronts can be expected. Similar conditions
paper, meridional gradients exceeding three times are known to exist in the atmosphere, where the
the rms value over the section will be regarded as dynamics of lower and upper tropospheric fronts 'm
fronts). Fronts are found to occur not only in the are fundamentally different (Palm~n and Newton, I
upper wind stirred layer, but also at greater depths. 1969; Shapiro, 1970).

In order to describe the complicated structure
shown in Fig. 2, it is convenient to regard the

Contribution No. 1065 from the Department of Oceanography, meridional gradients as stochastic variables and
University of Washington. analyze them by spectral analysis methods. The
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F i. 1. Stations occupied during the 58th voyage of the R.V. Tlinias G., Tho'npson.~19 March-3 May 1971.

following questions become relevant then: 1) What detect dominant wavelengths from 75 to about

are the typical rms and extreme values of the merid- 800 km.
ional gradients at different depths? 2) How does 7onal wavenumber spectra published by Bern-
the spectral density of the meridional gradients stein and White (1977) and Wilson and Dugan (1978)
change with meridional wavenumber and are there were utilized for comparison. The convcrsion from
any preferred wavenumbers at which the spectral the original temperature spectra to temperaturedensity is concentrated? 3) How do the spectral gradient spectra was achieved by multiplying the orig-
densities change with depth and longitude? 4) For a inal spectra by the zonal wave-number squared.
given variable, what is the depth coherence of its
meridional gradients? 5) For a given depth, how are 3. Observed meridional gradients and their rms and
the meridional gradients of different variables, such
as temperature and salinity, related? extreme values

The observed meridional gradients of tempera-
2. Data ture, salinity and sound velocity along longitude

The following analysis is based on STD data 168E are shown in Fig. 3. The outstanding feature
collected during the 58th cruise of the R.V. Thomas is the change of the character of the gradients
G. Thompson in March and April 1971 (Roden, with depth. At the sea surface, the meridional
1972). Temperatures and salinities were measured gradient associated with the subarctic front (near
directly, to an accuracy of 0.01C and 0.03%9, re- 420N) dominates over all others and the spacing
spectively. Sound velocity was computed from Wil- between the peaks is irregular. At 300 m and below,
son's equation (Tolstoy and Clay, 1966) using STD the amplitudes of the positive and negative gradi-
temperatures and salinities as input. The thermo- ents are more equal and the peaks are spaced at
haline gradients w,.re computed by the central differ- rather regular intervals, which suggests wave mo-ence approximation for six depths: 0, 150, 300, tion. The distance between crests varies between

450 and 600 m. The Tukey method was used to com- 400 and 500 km, which indicates that Rossby-type
pute the wavenumber spectra. The computations waves could be involved (Longuet-Higgins, 1965;
were carried out for the wavenumber range between Philander, 1978). At present, the above argument
0 and 13.4 cycles per 1000 km (c.p. 1000 kin), with a must be regarded as tentative, because it is im-
resolution of 0.6 c.p. 1000 km. This allows one to possible to prove the exact origin of the quasi-
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DR N L E A T, L,, AWE meridional gradients occur frequently at subsurface
4% 41 4- 4 , 31 -S4 31 32- 3 9 2 2f. n 4 21 27 3 depths rather than at the sea surface and that the

!o- " - ' rms and extreme amplitudes are substantially larger, : . at longitudes 154°E an 6* hnat longitudeI .177'20'W. The major topographic feature in the re-

I' Igion is the Emperor seamount chain near 170*E.
100 h which rises up to 4500 m from the surroundingI' sea floor and comes to within 800 m of the sea

"[ I surface in places. West of the Emperor seamount
.i . - chain, rms amplitudes of the meridional gradientsJ' jV - reach 2.2°C (100 km)-' for temperature, 0.3%*

(100 km) - for salinity and 7.9 m s-' (100 km) - l for
sound velocity. East of this chain, the correspond-I1J" I. ": . ing values for 1.30C (100 km)'. 0.1%* (100 km)-2
and 4.2 m s- 1 (100 km)-'. respectively. Extreme
amplitudes of the meridional gradients west of the

-,+ I chain are 8.2°C (100 km)- for temperature. 1.4%o
_ (100km-forsalinityand29.7ms-'(100km)- for

.f . sound velocity. East of the chain, the extreme
_- amplitudes are about half of the above mentioned.

The large eastward decrease of the amplitude of
the temperature perturbations across the Emperor

Sill.A seamount chain was noted also by Bernstein and
M. _V-.. White (1977).

b- - 4. Spectra of meridional gradients Mg
.41A.... The power density spectra for the meridional

-gradients of temperature. salinity and sound velocity
f% ' .... at 168'E are shown in Fig. 4 for the meridional

.. - wavenumber range from 0.6 to 13.4 c.p. 1000 km.
<- 'The arrows indicate the 80% confidence limits.

The shape of the power density spectra depends
S ? . . strongly upon depth. In the upper 150 m. where

meridional gradients are formed mainly by differ-
ential horizontal advective and surface exchange

-- - " ....- processes. the spectra are irregular in shape and
do not show any significant peaks. Between 300

- ; J AAi and 600 m, where meridional gradients are largely
7501- :Vi i Kh formed by differential vertical advective processes.

I1Iil(: ki't h i' the spectra show a well-defined peak at a wave-

Ito IV 1 to a dominant wavelength of 411 km. The merid-
Hl tonal wavenumbers corresponding to the half

tIl I peak-power densities are 1.5 and 3.3 c.p. 1000 km.
L, approximately, indicating that wavelengths between[. 300 and 666 km are fairly common also. Beyond

Lmeridional wavenumbers of 10 c.p. 1000 km, the

FIG. 2. Meridional sound velocity section along longitude power density becomes very low, which suggests a
-- 168*E. obtained between 3 and I I April 1971. The contour inter, cutoff for waves of length of less than about 100 km.

val is I m s-'. Frontal features associated with strong meridional The peak power density decreases with depth rapidly
gradients appear in black, between 300 and 600 m. For meridional gradients

of temperature and sound velocity, the decrease is
regularly spaced oscillations from the limited data 25% between 300 and 450 m and 70% between
at hand. 300 and 600 m. For meridional gradients of salinity,

The rms and extreme amplitudes of the merid- the corresponding values are 53 and 83%. respec-
ional gradients are listed in Table I as functions tively. The different attenuation rates for tempera-
of longitude and depth. It is seen that the strongest ture and salinity are not fully understood at present.
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FIG. 3. Meridional gradients of temperature, salinity and sound velocity along
longitude 168E obtained in early April 1971. North is to the left.

5. Longitudinal variation of the spectraofmeridional scarcity of those with lengths of less than 100 km.
gradients There is a sharp drop of the spectral density

levels between 168*E and 177*20'W, with the levels
The above description has dealt exclusively with west of the Emperor seamount chain (near 170°E)

meridional wave-number spectra at longitude 168 0E. exceeding those to the east of the chain by a factor
It is of interest to know how representative these of 2-4.
results are at other longitudes and, in particular, A closer examination of the spectra shows that the
whether differences occur in the spectra west and highestpeaksoccuratawavenumberof3.64c.p. 1000
east of the Emperor seamount chain. In Fig. 5 are km at longitude 154°E. at 2.43 c.p. 1000 km at
shown the spectra of meridional gradients of tern- longitude 168°E and at 3.04 c.p. 1000 km at longi-
perature, salinity. sound velocity and density as a tude 177'20'W. The corresponding wavelengths
function of longitude. The arrows indicate the 80% are 274, 411 and 329 km, respectively. It is not
confidence limits, possible to assess the significance of these differ-

At all longitudes, the spectra show a broad peak ences in wavelengths, because of the shortness of
in the wavenumber range between about 1.5 and 4.5 the available records. If real, the differences would
c.p. 1000 km and a sharp decrease in spectral density indicate a decrease in wavelength away from 168°E,
beyond 10 c.p. 1000 km, indicating a prevalence of the longitude closest to the Emperor seamount -

waves with lengths between 222 and 666 km and a chain.
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TABLE 1. rms and extreme amplitudes of meridional temperature gradients IC(100 km)-11 meridional salinity gradients
[%"4 100 km)"I and meridional sound velocity gradients Im s-1(100 km)-'] in the western Pacific.

A
Longitude

15400"E i68'E 177"20'W -

Depth I
Variable (M) rms extreme rms extreme rMs extreme

Temperature gradient 0 1.52 5.3 1.51 6.8 0.97 2.6
150 1.93 8.2 1.83 6.3 1.33 4.9
300 2.16 6.9 1.95 5.2 0.92 2.4
450 1.82 5.4 1.76 4.3 0.83 2.4
600 1.14 2.9 1.05 3.3 0.60 1.2

Salinity gradient 0 0.13 0.4 0.31 1.4 0.13 0.3
150 0.15 0.7 0.17 0.7 0.13 0.4
300 0.18 0.6 0.16 0.4 0.10 0.2
450 0.14 0.5 0.14 0.4 0.08 0.3
600 0.10 0.3 0.08 0.2 0.04 0.1

Sound velocity 0 4.58 18.0 5.91 28.4 3.09 7.3
gr-dient 150 6.59 29.7 6.46 25.8 4.24 14.4

300 7.95 24.7 7.30 20.9 3.33 7.9
450 6.95 20.6 6.80 16.5 3.21 9.1
600 4.50 11.4 4.17 13.1 2.43 5.0

6. Depth coherence of meridional gradients to those at other depths. In the depth range between M
150 and 600 m there is statistically significant co-

c herence at all wavenumbers between 0 and 13.4 c.p.
fronts is the depth coherence of horizontal gradi- 1OO km. The phase (not shown) does not vary by
ents of temperature, salinity and sound velocity, more than 0° from zero, indicating that the fluctua-
The coherence between the meridional gradients at

the ea urfce nd hos at ubsrfae dpth istions are in phase over the depth range investigated.
+ + the sea surface and those at subsueface depths is -'I -shown in Fig. 6 for the wavenumber range between

0 and 13.4 c.p. 1000 km. The dashed line indi- 7. Coherence between meridional gradients of tern- Z
cates the 95% confidence limit. The meridional perature and salinity

- - gradients at 0 and 150 m are coherent over the entire The coherence between meridional gradients of
wavenumber range. indicating that frontogenetic temperature and salinity is shown in Fig. 8 for
processes in the upper mixed layer are similar. As different depths. There is statistically significant
the depth increases, the coherence with the surface coherence at all depths and over the entire wave-
signature drops. At 300 m and below, significant number range. The coherence is better at subsurface
coherence is found only in a narrow wavenumber depths than at the sea surface. This is not surpris-
range centered around 2.43 c.p. 1000 km. Even ing, because temperatures and salinity at the sea sur-
there, no more than 40 to 607 of the variance face are influenced by the largely independent
of the meridional gradients is related to the variance processes of radiative heat transfer and rainfall.
at the sea surface. This suggests that frontogenetic which affect one variable but not the other. At
processes in the layer above and below the pycno- greater depths. where the influence of surface proc- 4
cline are different. esses is not felt, temperature and salinity can be

The above is relevant for remote sensing from regarded as passive variables, carried along by
space. Satellite imagery of the sea surface tempera- particle motion. Here a close correspondence can
ture gradients and salinity gradients can be used be expected among temperature. salinity and veloc-
only to detect upper layer temperature and salinity ity gradients (Kirwan, 1975).
fronts. The horizontal thermohaline structure below
pycnocline depth cannot be inferred from infrared 8. No on zonal thermohaline gradients in the I
and colorimetric measurements from space. western Pacific

In contrast to the poor coherence between sur-
face and deep meridional gradients. the gradients The discussion so far has dealt with meridional
below pycnocline depth are strongly related to each thermohaline and sound velocity gradients in the
other. This is shown in Fig. 7. where the merid- western Pacific and the question arises as to the
ional sound velocity gradients at 300 m are related character of the zonal gradients. Unfortunately,

_-- _ - _ . . . 7 + _ + - . . . _ -_
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FIG. 1. Oscillations of dynamic heights, relative to 1500 db, along longitude
168'E in early April 1971. A

ence of oscillations of 300-600 km Wavelength fronts have no surface manifestation, making detec-

Foccur in dyniamic height. 2) Fronts in the , apper layer are spaced irregularly.A
In Fig. 11 are shown the dynamic heights rela- while those between 300 and 600 m are spaced at

Iti f nees oknwwete imlroscltions tion rm spac e ffcult

tive to 1500 db along longitude 168'E. Oscilla- quasi-regular intervals. This songests that the dy-
tions of approximately 400 km length are prominent namic processes of gradient formation differ for the
in the upper 600 m. Maximum amplitudes are close upper and lower layers of the sea.

to 5 J kg, equivalent to abFnut 50 cm in sea surface
-elevation. The amplitudes appear to attenuate ex- OYN(0/150db)

ponentially with depth: one-half the amplitude is en- 20*4'N-43*OW AT 168 E
countered at 300 m and one-quarter at 600 m. APR 1971
Similar attenuation rates were observed in the 1000 r di f ri d o

central Pacific (Roden, 1977).
The power density spectrum for the 011500 db u a.

dynamic heights is shown in Fig. 12. A single
prominent peak centered at 2.14 c.p. 1000 km stands
out. The spectrum of the dynamic height gradient
can be derived from the above by multiplying 0 a •nI
through by the wavenumber squared. When this is E
done, the peak shifts to 2.4 c.p. 1000 kin, indicating A A

a dominant wavelength of about 400 km. This is the
same as found for the meridional thermohaline AD4
gradients below pycnocline depth. .too "

8. Conclusions and discussion ...e***'.***.

The following conclusions can be drawn from an
ents in the western North Pacific:

0 4 a 12 XI0-3

I) Strong meridional gradients, some of which WAVENUMBER (C.P kin) I
attain frontal intensity (exceeding three times the FIo. 12. Power density spectrum of the 0/1500 dynamic heights
rms gradient) are not limited to the surface layer, along longitude 168*E. The atrow indicates the 80% confidence

but occur at depths to 600 m. Many of the deep limit.

HA
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IA

3) The rms and extreme meridional gradients west ated with the spectral peaks are the same during 1

of the Emperor seamount chain are considerably the stormy and calmer seasons. The change of the
larger than to the east of it. spectra and coherences with distance from major

4) The shape of the power density spectra of topographic features, such as the Emperor sea-
meridional gradients depends strongly upon depth. mount chain, requires further study.
In the upper 150 m, the shape is irregular. Between Answers to the above problems depend to a large
300 and 600 m a well-defined peak is observed, degree on an effective sampling program. Some of I
The peak is broad and indicates that oscillations the problems involved are discussed by Woods
with a wavelength between 300 and 600 km are (1977). In the future, remote sensing by satellites
common. Beyond 10 c.p. 1000 km, the power holds promise. Frontal features above pycnocline _g.
density becomes very low, which suggests a cutoff depth can be detected by microwave and infrared
wavelength of about 100 km. techniques (Legeckis, 1975). Frontal features below i'Aiu

5) The power density spectra of the meridional pycnocline depth can be detected, in principle, by
gradients show some dependence on longitude, satellite radar altimetry, though the method has I
The power levels west of the Emperor seamount yet to be applied. This method will work at deep
chain are substantially higher than those to the east. baroclinic fronts, across which there is a large sea
Whether the differences in wavelengths associated surface slope. The slope can be detected from radar
with the spectral peaks (274 km at 154°E, 411 km altimetry and a knowledge of the shape of the earth's
at 168°E and 329 km at 177°20'W) are significant, geoid (Leitao el al., 1978).
cannot be determined from the limited data on hand.

6) Meridional gradients at the sea surface are A
coherent with those in the upper 150 m and inco- L.H. Larsen and M. Rattray for advice. K. Bhatia
h teddcarried out the programming. The scientific and~herent with those below. Meridional gradients at

300 m have a good coherence with those at greater operational crew of the R.V. TMomas G. Thompson,
depths. This indicates that the surface and deep Captain Robert Schelling commanding, are to be 1

fronts are largely unrelated and must be detected commended for outstanding performance. The
bdfnm nresearch reported herein was supported by the, by different means.

7) Meridional gradients of temperature and sa- Office of Naval Research under Contract N-00014-

linity are coherent in the wavenumber range be- 75 "C-0502, PrOject NR 083-012.
tween 0 and 13.4 c.p. 1000 km. The coherence is REFERENCES

better at subsurface depths than at the sea surface.
Thbeess good coernce aepts theean surfe esuts. Bernstein. R. L., and W. B. White, 1974: Time and length scales
The less good coherence at the sea surface results of baroclinic eddies in the central North Pacific Ocean.
from radiative heat transfer and precipitation proc- J. Phis. Oceanogr., 4, 613-624.
esses which act largely independent of each other. -. and -, 1977: Zonal variability in the distribution of

: 8) The power density spectra of the zonal tern- eddy energy in the mid-latitude North Pacific Ocean. J.
Phys. Oceanogr.. 7, 123-126.

perature gradients at 300 m show a broad peak at Cheney, R. E.. 1977: Synoptic observations of the oceanic
wavenumbers between I and 3 c.p. 1000 km. The frontal system of Japan. J. Geoplys. Res.. 82, 5459-5468.
information at hand is insufficient to determine Kawai, H., 1972: Hydrography of the Kuroship Extension.

- whether latitudinal differences exist. It is of interest Kuro.shio. Phksical Aspects of the Japan Current, H.
Stommel and K. Yoshida, Eds., University of Washington

erto note that the zonal and meridional wavenum- Press, 235-341.
ber ranges associated with the peaks in the zonal Kirwan, A. D., 1975: Oceanic velocity gradients. J. Phys. A
and meridional spectra are approximately the same. Oceanogr., 5, 729-735.
This indicates that in midlatitudes of the western Legeckis, R., 1975. Application of synchronous meterological
Pacific the dominant east-west and north-south satellite date to the study of time dependent sea surface

temperature change along the boundary of the Gulf Allwavelengths are about equal. Stream. Geophys. Res. Lett.. 2, 435-538.
Leitao, C. D., N. E. Huang. and C. G. Parra. 1978: Remote I

Several unanswered questions remain. It is not sensing of Gulf Stream using GEOS-3 radar altimeter. NASA
A known definitely whether the observed features are Tech Pap. 1209, 31 pp.

due to Rossby-type waves or eddies. The observed Lighthill, M. J.. 1967: On waves generated in dispersive systems
wavelengths (300-600 kin, typically) and the cutoff by travelling forcing effects, with application to the dy-

namics of rotating fluids. J. Fluid Mech., 27, 725-752.
wavelength of about 100 km are compatible with Longuet-Higgins, M. S., 1965: The response of a stratified
existing theories of Rossby waves (Longuet-Higgins," ocean to stationary or moving wind systems. Deep-Sea
1975; Lighthill, 1967; Philander, 1978); but do not Res., 12, 923-973.
rule out other processes, such as eddy formation by Palmdn, E., and C. W. Newton, 1969: Atmospheric Circula-
flow over complicated bottom topography. It is not tion Systems. Academic Press, 602 pp.

Philander, S. G., 1978: Forced oceanic waves. Rev. Geophys.known whether the spectra and coherences change Space Phys., 16, 15-43.

with season, and whether the wavenumbers associ- Roden, G. 1., 1972: Temperature and salinity fronts at the

1:2 AN-



767 JOURNAL OF PHYSICAL OCEANOGRAPHY Voi.umr 9

boundaries of the subarctic-subtropical transition zone in Tolstoy, I., and C. S. Clay, 1966: Ocean Acoustics. McGraw-
the western Pacific. J. Geophys. Res., 77, 7175-7187. Hill, 293 pp.

!, 1975: On North Pacific temperature, salinity, sound veloc- Uda, M.,* 1938: Researches on "siome" or current rip in the

ity and density fronts, and their relation to the wind seas and oceans. Japan Geophys. Mag., 11, 307-372.
and energy flux fields. J. Phys. Oceanogr.. 5, 557-571. Wilson, W. S., and J. P. Dugan, 1978: Mesoscale thermal

-,1977: On logwvedsuracs fdnai eih n aibiiyinteviiiy fte uohixenin J hs
the North Pacific. J. Phys. Oceanogr, 7, 41-49. Oceanogr., 8, 537-540.

Shapiro, M. A., 1970: On the applicability of the geostrophic Woods. J. D., 1977: Information theory related to experiments
approximation to upper level frontal scale motions. J. in the upper ocean. Modelling and Prediction of the UpperI

I Atmos. Sci., 27, 408-720. Layers of the Oc-ean, Pergamon Press, 263-283.

30

Amt

-tX

E_ -



UNIVERSITY OF WASHINGTON

DEPT. OF OCEANOGRAPHY

TECHNICAL REPCRT 0O.? 9

Reited from JOURtNAL OF PHYSICAL OCZANOGROzY, Vol. 10, No. 3, March 1980v
- IAmaicam Mdaorlolak Society -A

Printed is U. S. A.

A :
On the Subtropical Frontal Zone North of Hawaii During Winter

GUNNARLI RODEN

-

7;



342 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME,0

On the Subtropical Frontal Zone North of Hawaii During Winter'

GUNNAR 1. RODEN

Department of Oceanography, University of Washington, Seattle 98195

(Manuscript received 9 April 1979, in final form 13 September 1979)

ABSTRACT

Oceanic fronts in the subtropical frontal zone north of Hawaii are investigated and related to atmospneric
forcing. Particular attention is paid to the winter of 1974 when a detailed study was made of the thermo-
haline structure aboard the R. V. Thomas G. Thompson. In that winter, well-defined fronts occurred at
34, 31 and 28'N. In the upper 100 m, these fronts are nearly vertical and are characterized by tempera-
ture, salinity and sound velocity gradients of up to 2oC (27 km)- ', 0.3%o (27 km) - l and 12 m s- 1 (27 km)- 1,
respectively. Horizontal density gradients across the northern two fronts are small because of com-
pensating horizontal temperature and salinity gradients. A thin layer of increased stability is encoun-
tered between 100 and 125 m. Below this layer, there are prominent lateral intrusions of cool and low-
salinity subsurface water under warmer and higher salinity surface water, at latitudes north of 31*N andlongitudes east of 155"W. The 011500 db dynamic height topography bears no similarity to the configura-

tions of the surfao isotherms and isohalines, indicating that surface thermohaline fronts are not determined
by the baroclin,c iiow field. Instead, agreement is found between the subtropical frontal zone and the Ekmanconfluence zone on long time scales. A warm and saline anticyclonic eddy with large thermohaline gradients
around its periphery is found near 29°30'N, 1589W. The mean baroclinic flow in the subtropical frontal
zone is -0.04 m s ' and does not vary with season. Perturbations from the mean flow are up to 0.4 ms-1
and vary strongly with season. Aspects of frontogenesis in the subtropical frontal zone are investigated.
In the upper layer, wind-induced differential horizontal advection of the Ekman type leads to concentrationof horizontal thermohaline gradients. In the lower layer, differential vertical advection is primarily

responsible for the concentration of such gradients.

1. Introduction tion of the thermohaline structure inside this zone
reveals that it is often complex, with several frontsmaThe central North Pacific is characterized by two (a front will be regarded here as the magnitude of aimain water masses. To the north of latitude 42°N gradient wih " endency" towrddicontinuity)

there is a cool and low-salinity water mass of sub- gradent s wt a tn c owrd c npresent simultaneously. No general agreement existsarctic origin, characterized by winter temperatures what the different fronts inside the subtropical
< 8°C, salinities < 33.8%* and a prcnounced halo- frontal zone should be called. McGary (1956) and
cline at - 150 m. To the south of latitude 32°N, there Seckel (1968) found that climatologically the North
is a warm and high-salinity water mass of subtropi- PcfcCnrlWtri one yafoti hc.,s-s~n. Noth acfi CntalWatrS°'~v-t*oPacific Central Water is bounded by a front in which

-cal origin, called NorthPaciby 34.8%o isohaline and the 18'C winter isotherm areSverdrup et al. (1942) which is characterized by embedded. For descriptive purposes, this climato-
winter temperatures > 180C, salinities > 34.8%o logical front will be called here the sub tropicaifront.and a well-developed halocline near 100 m. In be- The formation of the subarctic-subtropica tr-
tween lies the subarctic-subtropical transition zone, sition zone depends on the establishment of primaryan"in which both water masses are present and the thermohaline gradients through large-scale geo-
halocline is weak. The change of temperature and graphical variations of radiative heat flux, sensible
salinity with latitude is not uniform, however, but heat flux, evaporation and precipitation (Roden,
occurs rather abruptly along the northern and 1975) Concentration oftheseprimarygradientsinto
southern boundaries of this zone (McGary and the subtropical frontal zone results primarily from
Stroup, 1958; Roden, 1977a). The region of rapid convergence and deformation of the Ekman flowsouthward temperature and salinity increase along set up by a geographically nonuniform wind stressthe southern boundary of the transition zone will be (Kirwan, 1975; Mooers, 1978).be called subtropicalfrontal zone. A closer examina- The large-scale wind field in the central North~Pacific is dominated by the westerlies and the trade!!i

-Contribution No. 1i138 from the Department of Oceanog- winds. This results in eastward stresses in the north,
raphy, University of Washington. westward stresses in the south and a broad region of
0022-3670/80/030342-2 1$09.25
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weak stresses in between. The strongest wind stress spatially variable flow, this has been observed (Uda,
gradients are observed at the edges of these two 1938). The effectiveness of these processes in creat- 
major wind systems. ing and maintaining therinohaline fronts in the cen-

The above configuration of the wind stress field tral North Pacific is not known in any detail. The
leads to the following dynamica!ly important fea- large-scale geostrophic flow in this part of the ocean
tures: 1) a zone of strong surface convergence of is weak and is characterized by an anticyclonic gyre
Ekman transports at the southern edge of the west- (Wyrtki, 1974, Reid and Arthur, 1975). The region
erlies; 2) a zone of strong surface convergence of north of Hawaii lies in the eastern half of this gyre, I
Ekman transports at the northern edge of the trade- where the flow has a southward component. Geo-
winds, and 3) in the region between the major wind strophic convergence, which is proportional to the
systems, a zone of confluence of poleward and equa- northward flow component. does not contribute -A
torward Ekman transports (the term confluence is toward frontogenesis here. Geostrophic deforma-
here understood to mean the phenomenon of stream- tion. which depends mainly on the mixed second
ing together that results from the presence of a derivative of pressure, is favorable for fronto-
deformation field. In the confluence zone there is a genesis in regions where the isobars approach each
line ofjuncture between flows which will be termed other in the downstream direction. Seckel (1968)
the confluence line). It is noteworthy that surface observed fronts in the confluence zone of the north
convergence implies vertical motion to satisfy the equatorial current with the gyre circulation of the
continuity equation, while surface confluence central Pacific.
does not. While convergence and confluence in the flow field

No general agreement exists on the geographical are the main processes concentrating thermal and
terminology of the above features in the Ekman flow haline gradients in the upper layer of the ocean,
field, because the position of the features varies horizontal gradients in the interior of the ocean are
with time. For the purposes of the following dis- more effectively concentrated by differential verti-
cussion, the convergence zone associated with the cal advection (Newton, 1978). Differential vertical
boundary of the westerlies will be called the northern advection arises from both the areal variability of
Ekman converigence zone, that associated with the the vertical thermohaline stratification and of the
tradewind boundary the southern Ekiman conrer- vertical velocity. The latter varies in response to
gence zone and the zone of merging poleward and wave disturbances (Newton. 1978) and torques pro-
equatorward flows the Ekman confluence zone. duced by irregular bottom topography and wind

All three zones are frontogenetic in a horizontally stress vorticity (Rattray and Dworski, 1978).
stratified fluid. The relationship between thermo- The different modes of upper and lower layer
haline fronts and the Ekman convergence and con- frontogenesis must be kept in mind when inter-
fluence zones is not simple, however, because it preting vertical thermolialine sections in which sur-
depends on the degree of existing horizontal tem- face fronts appear to be sheared off from the fronts
perature and salinity stratification and on the dura- below pycnocline depth. A difficulty arises with the
tion and intensity of convergence and confluence. nomenclature of such disjoint fronts. Both can occur
The following points will clarify this relationship in the same geographical area, but they do not arise
further. First, a given favorable configuration of the necessarily from the same processes and hence
Ekman flow field will lead to strong frontogenesis it is arguable whether they should carry the same
in some geographical areas and weak frontogenesis name. The position taken here is to name them
in others, depending on the magnitude of the initial separately, if there is reason to believe that the
horizontal thermohaline gradients. Second, a given processes are fundamentally different.
favorable configuration of the Ekman flow field must The objective of the present paper is to focus on
persist over a certain length of time, before measur- the subtropical fror tal zone north of Hawaii, to
able frontogenesis occurs Ifor flow on 100 km describe the observed horizontal and vertical
scales, the time scale appears to be one week (Roden thermohaline structure, and to relate the observed
and Paskausky, 1978)]. Third, thermohaline fronts frontal features to the baroclinic and Ekman flow
do not disappear instantly after Ekman convergence fields. Emphasis will be placed on the winter of 1974, Z
and confluence cease, but take time to decay (the for which there exists an extensive data set.
exact dissipation time is not known). "Fossil"
fronts as well as "live" fronts coexist on synoptic 2. Field measurements and data reduction
time scales and complicate the interpretation of
synoptic field observations. To investigate the detailed thermohaline structure

The discussion so far has dealt with Ekman-type of the subtropical frontal zone, the R.V. Thomas G.
frontogenesis. Upper layer fronts can be generated Thompson occupied 261 stations between 8 January
also through deformation and convergence in the and 10 February 1974. fhe station pattern is shown
geostrophic flow field and, in case of strong and in Fig. I and consists of five meridional crossings of

______
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!20 form, with a scan every 2-3 m. The digitized data
were passed through a linear interpolauion scheme to

, yield values at exactly 3 m intervals. These equally
fLIP

... 185.10 spaced data form the basis of all subsequent cal- -

125. 130. 40 culations. This permits one to resolve vertical length
- scales > 6 m.

l:,o -195

120: 135" 45 3. Horizontal structure of the subtropical frontal
* zone in winter

: "175 200 V
115" 4: 50 The details of the subtropical frontal zone depend

upon the scale of analysis. With a coarse resolution
170 205 grid employed by McGary (1956) and McGary and AV

31 1101 145 55 31. Stroup (1958). it is possible to outline the main
characteristics of this zone. This is shown in Fig. 2.
where the North Pacific Central Water has been

-o5:. 15o . 6 shaded. The northern boundary of this water ap-
-160 :215 pears between 31 and 33°N and a well-defined

0o: 155: . . . :65 salinity front and a weaker temperature front are
2-. found in its vicinity. Typical salinity gradients in 75
:220 the frontal ar!:a vary between 0.2 and 0.5%o (100

95: km)-', while temperature gradients seldom exceed
-225 20C (100 km)-'. The latter finding is in good agree-

2 9o: ment with sea surface temperature maps derived
from satellite observations (National Environmental

-230 Satellite Service. 1977-1979). which is based on a
6 85- similar coarse resolution grid (100 km by 100 km).

-235 and with results from air-drops of expendable bathy-
80- thermographs (Barnett. 1976).

When the resolution is increased, the subtropical
240 frontal zone attains a more complicated character. 4

rA75-JuPu -r["This is shown in Figs. 3 and 4. which illustrate the A
U KUAA o I H ,A , temperature. salinity and density distributions at 0

21 HONO.U0 " - [ z: and 150 m. respectively. Fronts occur not only along
2 2""z' o" the northern boundary of the North Pacific Central

.. Water. but at other locations as well. To avoid
2 : ambiguity. the front along the northern boundary

of this water mass will be called the subtropical
Fir. 1. Stations occupied during the 86th voyage of the R. V. front, as before. while the other fronts will be

Thona.s G. 7hionpson. 8 January-10 February 1974. identified by separate names.

At the sea surface, the subtropical front appears
the frontal zone. Stations were taken at intervals of between latitudes 31 and 3-N. It has a meandering
27 km (15 n mi) to resolve the complex thermohaline shape, is about 50 km wide and is characterized by
features. The chief instrument employed on the cruise salinity differences of 0.2-W and temperature dif-
was the Plessey model 9040 conductivity-tempera- ferences of 0.5°C across. These differences balance
ture-depth probe. commonly known as the CTD. each other in such a way that the resulting density

- The instrument has a temperature precision of differences across the front are small. The tempera-
0.01°C. a conductivity precision of 0.003 s m- 1. and ture difference necessary to balance a given salinity
a depth precision of 0.25% of the full-scale depth. difference completely is listed in Table 1. The tatle
The instrument was deployed between 0and 1500 m was constructed by making use of the equation of
and was calibrated in the field against Rosette sampler state and of the coefficients of thermal expansion
information. Salinities were computed from the CTD and haline contraction. Because these coefficients
output by methods outlined by Roden and Irish depend strongly on temperature and weakly on
(1975). Sound velocity was computed from Wilson's salinity, the results are shown as a function of tem -
equation (Tolstoy and Clay, 1966) and the Vfiisili perature. It is seen that to balance a given salinity
frequency (Viistli, 1925) was computed from the difference, a much smaller temperature difference is
vertical density gradient and the compressibility required at high than at low temperatures. For the a
term (Eckart. 1960). The CTD output was in digital subtropical front, of interest here, a temperature

-U -*_
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FIG. 2. Salinity and temperature distribution at the sea surface during the
winters of 1954 and 1955. D~ots indicate station positions (McGary, 1956; i
Mc~iary and Stroup, 1958). Shading indicates North Pacific Central Water.

OM Om OM
1BJAN-6FE8 1974 !BJAN-6FES 19174 18 JAN- 6 FEB !974

356- 34224
* -25.4

--- ,34

34.46

WEST4. LOGTUE2A;I

Fw .Tmeaue slnt n est dsrbto tte e ufc uigth itro 94Dosidct tto
posiion. Sadig idictesNoft Paifi Cetra Waer.A3

__ 7 ___I
2_ _ -------



346 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 10

T(C) S(M.) Ol (kg m3 )
150m 150m 150 m

18JAN-6FEB 1974 18JAN- 6 FEB 1974 I8JAN-6 FEB 1974

22 l4
3 -3 " -,. . . 2

w - ----- 4_-.F - o254
- -.. 244:

F50. 4. As in Fig. 3 except at 150 m.

~difference of 0.6°C is reqluired to balance a salinity Central Water lies further southward, extending in a
difference of 0.2%., such that the density difference WSW-EN E direction between latitudes 27, and 29°N.

Svanishes• The accompanying front is characterized by tern-
SA surface front similar to the subtropical one oc- perature gradients of 1 .5°C (27 kmn) - and salinity -

i curs near 340N. This front, which will be called the gradients of 0.2%. (27 kin) -' which, unlike those
34°N front, is -50 km wide and is almost totally encountered at the sea surface, are not density corn-
density compensated. pensating. In addition, the thermohaline structure

At 150 n, conditions differ markedly from those at at 150 m reveals a conspicuous eddy of North Pacific
the sea surface. The boundary of the North Pacific Central Water centered at 29030'N, 158°W. The

boundaries of this eddy are marked by strong tern-
-- , perature, salinity and density gradients. Eddies of

i--- TABLE I. Temperature difference (AT) required to balance a this type are comon in the subtropical frontal zone
i ~salinity difference (AS) ofgiven magnitude such that the r~sulting of the Atlantic (Voorhis et a!., 1976: Leetmaa and

density difference vanishes. Thc ratio of the coefficients of Voorhs 98 u hi rqec focrec
table is valid for ocean water near 35%., salinity. in the subtropical frontal zone of the Pacific has not

- been investigated so far.
0T(C) The baroclinic flow at 0 and 150 m, relative to

1500 m, is shown in Fig. 5 At the sea surface, there
T AS aS t S iS frS is little resemblance between the patterns of baro

(C) r = 0.2Th = 0.4e = 0.6% = 0.8.. 1%. clinic flow and of the therohaline fronts. Neither

0 -13.52 2.70 5.40 8.11 10.81 13.52 the 34°N front nor the subtropical front are accom-
2 -9.60 1.92 3.84 5.76 7.68 9.60 panied by strong baroclinic flow. On the other hand,4c -7.46 1.49 2.98This 4.47 5.79 7.46 close agreement exists between the baroclinic flow

8 -5.20 1.04 2.08 3.12 4.16 5.20 and the frontal pattesa 150 m. Here, currents up
10 -4.55 0.91 1.82 2.73 3.64 4.55 to 0.5 m s - are observed along the edge of the North
12 -4.04 0.80 1.61 2.42 3.2,.3 4.04 Pacific Central Water and along the rim of the anti
14 -3.67 0.73 1.46 2.20 2.93 3.67 cyclonic warm core eddy at 293'N, 158°W.
16 -3.36 0.67 .34 2.01 2.68 3.36 The lack of agreement between surface fronts and

[18 -3.10 0.62 1.24 i.86 2.68 3.10
20 -2.88 0.57 1.15 1.72 2.30 2.88 surface baroclinic flow is not surprising. First. baro-22 -2.70 0.54 1.08 1.62 2.16 2.70 clinic flow will be minimal when the horizontal tend24 -2.55 0.51!.02 1.53 2.04 2.55 perature and salinity gradients are density compen-
26 -2.41 0.48 0.96 1.45 1.93 2.41 sating such as at the 34N front. Ekman dynamics,
28 -2.30 0.46 0.92 1.38 1.84 2.3030 -2.19 0.43 0.87 1.31 1.75 2:19 rather than baroclinic flow dynamics, can then be

expected to control the generation of surface fronts

0 -12 20 50 8
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DYNAMIC HEIGHT DYNAMIC HEIGHT
0/1500db 150/15OOdb

18 JAN-6 FEB 1974 18JAN- 6 FEB 1974'36°  1 ,* I " / . [ ' "

N-' I.r
190 5 K

. .. .' 4 " • '6p - - : 5 ' ,< r

20' 2 00

o - -- j --
, - ... . 0,[,

'n. t I I .

WEST LONGITUDE
FIG. 5. Dynamic topography relative to 1500 db during the winter or 1974. Dots

indicate station posifions. Arrows indicate the direction of baroclinic flow.

(Newton, 1978). Second. surface baroclinic flow is where p is density. g the acceleration of gravity and -
not determined by the thermohaline gradients at the r the sound velocity. The r-atio of the sound velocityI
surface or in the upper mixed layer, but in the entire term to the density gradient term during the winter
underlying water column. WVhen the horizontal season varies between 0.5 in the pycnocline to I
thermohaline structure of the surface layer differs in the upper layer. Instabilities with resultant con-
from that in the deeper layers. the region of strongest vection wvill occur when the vertical density gradient
baroclinic flow will be displaced from the surface is less than -,,p(-- or about -4 x 10-1 kg ml.
manifestation of the front. Meridional sections of hydrostatic stability. ex-

pressed in terms of the Viiisala frequency are shown
in Fig. 6 for five different longitudes. The layer int4. Vertical Structure of the Subtropical Frontal ZonewhcteVaslfrqny 0.1s'isad.
This layer of increased stability is only 10-20 m

The following discussion is based on vertical thick, and occurs at an average depth of -125 m- AN
sampling at 3 m tntervals and horizontal sampling at Numerous irregular perturbations with amplitudes
27 km intervals. This allows one to resolve vertical up to 50 m are superimposed. The origin of the
features > 6 m and horizontal features > 54 km. perturbations is not known. though oscillations set

up by stationary and traveling storms have been
a. Hdroia~c- sabiiivimplicated in some cases (Philander. 1978)-

a.. ,vlosai s/ , _ab. , , .li_ i r

Hydrostatic stability is an important parameter b. dritherite 1974. Dot
in frontal dynamics, because it determines the depthirection aroslinito

eto which surface momentum, heat and salt fluxes The meridional distributions of temperature and
can penetrate by processes of convection and stir- salinity in the upper 900 m of the subtropical frontal
ring. Direct meteorological forcing of fronts is gen- zone are shown in Figs. 7-9. The basic vertical
erally limited to depths between the sea surface and structure consists of three layers: a warm and saline
the underlying high stability layer. In the subtropi- top layer -100 m deep, a layer of rapid tempera-
Cal frontal zone, hydrostatic stabilities are generally ture and salinity decrease between 100 and 500 m,
low, because vertical temperature and salinity and a deep layer in which the temperatures slowly
gradients point in the same direction, leading to a decrease and the salinities slowly increase with
diminished vertical density gradient. The hydro- depth. The basic structure is perturbed by fronts.
static stability expressed in terms of the VWiisni lateral intrusions, oscillations in the thermocline
frequency is and halocline and, in some areas. by isolated water

parcels of various size.
2kmiesN. Several fronts occur in the subtropical frontal

P oz fe zone. In the north, a well developed front is ob-

-tdrotatistailityis a-imprtantparaeter___-
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DEGREES NORTH LATITUDE m) and is more than 360 km north of the North
35 34 33 32 31 30 29 28 27 Pacific Central Water boundary. The shallowness of

0 I this front, its vertical orientation and the fact that it
158* W is far from the boundary ot a source region make it

50- 25-28 JAN 974
2-J- plausible to assume that it is primarily formed by

convergence and deformation in the Ekman flow
too field.

0.01 The poleward boundary of the North Pacific Cen-
15 tral Water occurs between latitudes 31 and 32°N
SOand is accompanied by several fronts in the vicinity.

The front in which the 34.8%. isohaline and the l8C
o isotherm are embedded includes the boundary and

156*-30' W will be regarded as the subtropical front. This front
50- 28-30 JAN 1974 is well defined in all meridional sections and is

30-50 km wide. It is characterized by salinity
gradients of 0.2-0.3-. (27 km)-' and temperature

too ~gradients of 0.5- ifOC (27 kmP1I. which are almost
constant in the upper 100 m. The other fronts in the

150- vicinity of this water mass boundary are less intense
and have typical horizontal gradients of 0.1%.

__- _ _ _ _(27 km)-' and 0.2oC (27 km)- I. respectively.
The origin of the multiple fronts near the northern -

155 W edge of the North Pacific Central Watei can be
50- 31 JAN-2 FEB 1974 speculated on only at present. It is possible that

E these result from the intricate dynamics inside the
3 [ OZI  frontal zone (Mooers. 1978). It is equally possible
w ithat some of these fronts are decaying remnants of

previous positions of the subtropical front. The
ISO- subtropical front is likely to move some distance

__ from its mean position under the influence of wind

0 forcing. When the winds cease, the front does not
disappear instantly, but takes time to decay.

3-653 3w4 The thermohaline structure below the upper layer50- - 3-6 FES 1974

is complicated. There are indications of lateral in-
trusions of cool and low-salinity subsurface water

IGO ounder warmer and higher salinity surface water at
longitudes of 152- 1550W. These intrusions result
from differential motion of the upper and lower

t0[o, 1 layers. The upper layer, dominated by Ekman flow. -

' t moves northward (Fig. 15). while the lower layer.

0 dominated by baroclinic flow. moves to the eastward
-52" w 1 and southward (Fig. 5). Numerous isolated patches

50- 18-21 JAN 1974 of salinity different from ambient occur below the1! leading edgeof the 34"N front and in the region of
.o the lateral intrusions. At some locations, such as .

ioo 34"N. 156"30°W. sinking of high-salinity water at
___J the front is indicated clearly. The dynamical proc-

150 esses leading to such patchiness and sinking are not
t e e t fewell known. Gregg (1975) observed that lateral in-. FiG. 6. Meridional sections of the VfiMSl- frequency (s-')

during the wnter of 1974. The layer of high stability is trusions are effective in creating small-scale struc-thshaded e ture. while Turner (1973). Garrett and Home (1978)
--a d.and Bowman and Okubo (1978) have suggested that

served near latitude 340N. It is most pronounced double diffusion and cabbeling (instabilities created
in the upper 100 m, occurs on all meridional sec- by mixing together waters of different temperatures
tions, is about 50 km wide, and is characterized by and salinities, but of the same density) can also
salinity gradients of 0.2%. (27 km)- t and tempera- create such structure.
ture gradients of 0.5"C (27 km)- t . This 340N front A curious feature is the pronounced temperature
is almost vertical above the high stability layer (125 and salinity front, which occurs between 125 and

_-______ __ I-I-=_=



30 a 704'N 58WI involves the b:na:: ight on ay be temptedi to connect this front to 2h

of the North PcfcCnrlWater, is -50 km wide. upper layer subtropical front, because it involves the
and is characterized by temperature differences of same water mass boundary. A closer examination of4
3*C and salinity differences of 0.4%@.cos At first the vertical therrnohaline structure atdifferent iongi-j

IETEI- ZE 11A,8rI 1?7

61 -~ - - IiW.

SAU%"7 IMJ AT WINW j.-4 1974
Ill 4 3V Sr 36 2T 2r ? t 2 " 2 r

225.

~~P

~ 4

S90 &34

675i 0

342'\(344

FiG. 7. Meridional sctlions of temperature (top) and salinity tbottorni along
longitude I158W. during the %inter of 1974.
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tudes reveals. however. that this front, unlike the cline. These oscillations are of both short and long

surface front. is not present at all longitudes, and wavelengths and can be expected to have a broad
thus must have been created by different processes.A wavenumber spectrum (Roden. 1979). No detailed
possible, but not proven. process could be differen- analysis of the oscillations will be attempted in this
tial vertical motion induced by the Musicians Sea- paper. Attention is drawn. however. to the unusualFmount Chain, which is located nearby- wav activity in the 300-600 mn depth interval at

Between 200 and 600 mn.there are numnerous oscii- longitude 15STW. latitudes 32-W4N.- The waves
lations in the main thermocline and the main halo- have an amplitude of -20 mn. a wavelength of --60
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consists of three layers: a surface layer -100 m tween 600 and 900 m. Considerable meridiona a
deep, in which the sound velocity is almost uniform ability is superimposed on the basic vertical struc-
with depth; a well-developed sonocline (layer of ture. In the upper layer, there are three fronts: the
rapid sound velocity decrease) between 100 and 34N front, the subtropical front at 31*N, and a
600 m; and the deep sound velocity minimum be- fiont at 28"N. Of these, (he subtropical front is

SOUND VELOCITY (MIS) AT 158*W JAN 1974
35N 3q* 33, 32 31- 30' 2 28' 2..?' 26 25' 24- 23' 2MN

4S 1

270

31S

:-405

E 450

540

67$

720 ~~O0

820 4,\3

855 1~ 0'

SIGMA-T (KG/MX13) AT 158*W JAN 19 74
35*N W4 33, 32' 32' 30, 29* 28' 27' 26* 25* 24' 23' 2N

S401

13S

270 z ....... ..

~31

49s -- 
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strongest, with sound velocity gradients of 8 m s-1 DEGREES NORTH LATITUDE
35 .. .30. . 25 . . 20 3.5 .. .30. . 25_ ... 0

(27 km)- at a depth of 90 m. Just north of this front, 22 A 2 - FES 9074 -0
at depths between 90 and 135 m, a conspicuous gap 22 E

vertical sound velocity gradient is nearly an order of 20 ''0
magnitude smaller than in the surrounding area. . 39 ..-

This change in vertical sound velocity structure over 23[ APR 1968 " 8

short distances in the vicinity of the subtropical front 22 ,**w • 23 SEP 1972
can be expected to have a strong effect upon under- , 53. .:21. .. °" 22.: . I
water sound communication (Tolstoy and Clay, a2 """ 21

1966). - 2"o

Between 100 and 600 m, the sound velocity struc- . .....
ture is complex. A frontlike feature occurs at
27*45'N, 158 0W and is characterized by meridional 24 OCT 1975
gradients of 12 m 3-1 (27 km) - I. This feature is not - - .
observed at all longitudes and appears to be of local 22 ... ..

origin. There are numerous oscillations of the sono- z
cline. Though no attempt will be made here of a I
spectral description of these oscillations, it is of in- ..........
terest to point out here that they involve a wide
variety of scales and that their amplitudes and FI. 1i. Seasonal variation of the 0/1500 db dynamic heights at
phases vary considerably with depth. longitudes 158"W and 153'30'W. Based on cruises of the R. V.

Thomas G. Thompson in the months and years shown.
The deep sound velocity minimum shows com-

paratively little meridional structure. The axis of the
minimum in the subtropical region north of Hawaii for different months and longitudes. The dynamic
is located close to 750 m. Sound velocities along the heights are in units of Joules per kilogram, equivalent
axis show a slight southward increase, from 1478.5 to 0.1 dyn m. An estimate of the geometric sea level
m s-1 near 35"N to 1481.5 m s-1 near 22N. The height can be obtained by dividing the dynamic
results are in agreement with previous investiga- height values by the acceleration of gravity. From
tions by Johnson and Norcis (1968), which werethdyaiegtstebrolnclpsinheu-

based on coarse sampling with Nansen bottles. tropical frontal zone can be obtained.The dynamic heights increase southward. The
mean slopes, as noted earlier by Wyrtki (1975) and i

d. Density and dynamic height Roden (1977b), are quite small and showy little
seasonal variation. At 158°W, the mean slope isThe meridional density distribution in the upper 3 x 10- J kg-1 m-1 and corresponds to a baroclinic900 Im of the subtropical frontal zone is shownin current of 0.04 m s-.At 153°30'W, the mean slopes

Fig. 10 (bottom). The distribution is characterized adcret r bu afteevle.Tepr
and currents are about half these values. The per-

by an isopycnal layer -100 m deep, a sharp pycno- turbation slopes are up to an order of magnitude
cline between 100 and 150 m and a gradual density larger than the mean slopes and vary strongly with
increase with depth below. The basic distribution season. The strongest perturbation slopes are
is perturbed by fronts and oscillations. In the upper 3 x 0- J kg- t m - t and correspond to a baroclinic
layer, the density fronts are weak, because of a large current of 0.4 m s-n Slopes of this magnitude can be
degree of compensation between the horizontal temn- detected by satellite altimeter (Leitao et al., 1978)
perature and salinity gradients. At 34°N, this com- and
pensation ie complete, so that no density front ac- tetial estrote m iring of the

compnie t~ teperture sainiy ad sundtime variability. The strong time variability of thet ~~~~companies the temperature, salinity and soundpetrainsoswsatrbedosocsic|
veloityfrons osered tere At310N a eakperturbation slopes was attributed to stochasticvelocity fronts observed there. At 31°N, a weak forcing by the atmosphere by Frankignoul anddensity front is found at the location of the well- Mller (1979).

defined subtropical thermohaline fronts. At 27'45'N,
a density front is observed that extends below the 5. Some aspects of subtropical frontogeiesis in theupper layer into the pycnocline and is quite con-

spicuous there. This deep front is not found east of surface layer

longitude 155 0W and its origin is obscure. The The previous discussion dealt with the description
Musicians Seamounts are close by and it is possible of the observed thermohaline features in the sub-
that a link exists between the front and these sea- tropical frontal zone. It is of interest to investigate
mounts. The question deserves attention in future briefly the relationship between upper layer fronto-
studies. genesis and the configurations of the Ekman and

The meridional distribution of dynamic height geostrophic flow fields and to determine the time
between latitudes 28 and 350N is shown in Fig. 11 needed to double the intensity of an existing front.
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Assume that a uniform horizontal salinity gradient
of magnitude IV,, S I exists at the sea surface. Ignor-
ing salt fluxes due to turbulent processes, the localI! time range of change of the magnitude of the surface

F F IU d;salinity gradient can be expressed by (Roden, 1977a)

k - .= ,where t is time, n the derivative normal to the front, A
W C taken positive toward increasing salinities, and v,.n- - the velocity component normal to the front. A simple

~ %I %I~ integration yields

+ - I v ,, s l / I V , s l o =  e x p [ -T • -, t ( 2 )
Swhich states that the salinity front will intensify if

tvelocity component normal
Eb= - -tin ofthe front... r : "a. " to th e fro n t d e c re a s e s in d ire ti n o t h f r t .; _

S- 1, - Frontal intensification depends, therefore, on the
- persistence of the flow pattern as well as on the
- intensity of the velocity gradients. To double the

'- intensity of the existing surface salinity front, 80
+days are required for an averae velocity shear of

" "" l 1. 10-' s-1, while only 8 days are necessary for this to ;0
0 --:,occur when the average velocity shear is 10' s-1.

On 100 km scales, the observed horizontal velocity
shears of Ekman and geostrophic flow vary mostly
between 10- s-' and 10-6 s' and thus several

r itnweeks are required to double the intensity of an

existing front.
!_- + .. - - " The normal derivative in (2) can be expressed

in terms of convergence and deformation. If y is the A
S" .angle between the east direction and the tangent to

the front

-cv" I I~ all I aI O l V
- - - __+ -+ -- +tano

2 r 0cos d O r r

-4 Q: 1 V 1l it

.9 -0+ -S-+ ,

___._o= _ . . copnet,+latite,, 3)l
- >-o -0 - where u and v are ihe eastward and northwardz 0 velocity components, 4 is latitude, X longitude and r

o UU , the earth's radius. The first right-hand term is the
convergence, the second the normal deformation

0.' and the third the shear deformation. Expressions
• _ ; of these quantities for Ekman and geostrophic flowI0 ;: are listed in Table 2 together with magnitudes char-

= acteristic on 100 km scales in the subtropical North
H Pacific. It is seen that the terms containing the

E- horizontal density gradients and those containing the
latitudinal change of the Coriolis parameter are ani "order of magnitude smaller than the other terms.Note, in particular, that the Ekman convergence

z > (proportional to the curl of the wind stress) is an

T-+ ---
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order of magnitude larger than the geostrophic con- -4 x 10-7 and +6 x 10-1 N m-3 . In the subtropical
vergence, on the scales considered here. Therefore, frontal zone, the curl and the normal deformation
it follows that upper layer frontogenesis depends of the wind stress are negative, while the shear
essentially upon the tine average of Ekman con- deformation and the divergence are positive.
vergence and upon the time averages of Ekiman and For an essentially zonal temperature and salinity
geostrophic dejormation. distribution, observed in the central North Pacific

during winter, theoretical considerations based on
a. Long-term mean fields (2) suggest that frontogenesis occurs where the

product of the initial haline gradient with the aver-
To determine the configuration of the wind stress age horizontal velocity shear normal to the front

field over large ocean areas and to calculate the has a maximum, The initial haline gradients, as
Ekman flow, it is necessary to utilize the stress of the indicated in Fig. 2, are strongest in the region of
quasi-geostrophic wind, which can be obtained from the subtropical front between 30 and 32*N. The hori-
sea level atmospheric pressure maps. The quasi- zontal.velocity shear normal to the front, in view of
geostrophic wind is defined by (3) and Table 2, has a maximum in the region of large

SfVp, x i, + KVp, negative wind stress curl and large positive shear
(4 deformation of the wind stress, which occurs near' P(f" + ') 34°N, according to Figs. 12 and 13. Thus, a tendency

where ir is a vertical unit vector, p,, atmospheric exists for new fronts to form north of the subtropi-
pressure, p,, air density,f the Coriolis parameter and cal front. The 34"N salinity front described earlier
K = 2.5 x 10-5 s-1 is the surface friction coefficient is an example of this.
for the wind (Defant and Defant, 1958), which allows
for cross-isobar flow (12-18' in midlatitudes) toward b. Short-termi mean fields
lower pressure.

Long-term (1931-60) Ekman transports in the It was shown above that over long time periods
North Pacific are shown in Fig. 12. The outstanding an agreement exists between the observed location
feature is the confluence band in the subtropical of the subtropical frontal zone and the Ekman con-
region. In January, this band is centered near 250N fluence zone. The question arises whether such a
in the western Pacific and near 32*N in the region relationship is found also on shorter time scales.
north of Hawaii. Because water of different origin The variability of the Ekman confluence zone on
is brought together in the confluence zone, tempera- weekly time scales is shown in Fig. 15. The zone
ture and salinity fronts can be expected to occur indicated by the dashed lines refers to the 30-yeartherein. THs is also observed. In the western January mean discussed earlier. The zone between
Pacific, White et al. (1978) found the January long- solid lines is for weekly means between 14 January
term mean position of the subtropical frontal zone to and 10 February 1974. This time period was chosen
be near 25*N, while for the region north of Hawaii, because it coincided with the field investigations
the data by McGary (1956) nd McGary and Stroup carried out on the R.V. Thomas G. Thompson. It

N (1958) indicate that the January position of this front is seen that in the region north of Hawaii, of interest
zone lies between 30 and 32"N. Though Fig. 12 is here, the weekly position of the subtropical con-
adequate to estimate the position of the subtropical fluence zone varied from its mean position by about
frontal zone qualitatively, for a more thorough under- 2-4' of latitude between 21 January and 10 Feb-
standing of frontogenesis it is necessary to know the ruary. In the preceding week, however, the con-
configuration of the velocity gradient field expressed fluence zone was about 120 latitude south of the mean
by deformation, divergence and vorticity (Kirwan, position, due to a persistent, well-developed low
1975; Okubo, 1978). For Ekman flow, the gradients pressure between latitudes 35 and 40°N (Nationl
are proportional to those of the wind stress. Weather Service, 1974). Does this mean that the sub-

The long-term (1931-60) January mean fields tropical frontal zone was displaced also 12' of lati-
of wind stress deformation, divergence and vorticity tude to the south? Obviously not, because this would
are shown in Figs. 13 and 14. The figures are based imply unrealistic speeds of frontal displacement.
on the stress of the quasi-geostrophic wind and on a It is more rational to assume that a new frontal zone
1 latitude-longitude grid, as before. In the latitude involving different water particles was created by
belt between 20 and 40'N, the configuration is pre- the southward displacement of the Ekman con-
dominantly zonal. The normal deformation, shear fluence zone. A clear distinction must be made,
deformation and divergence of the wind stress are of therefore, between the motion of Ekman confluence
the same order of magnitude and vary between zones and the iotioin offrontal zones on tine scales
-2 x 10-7 and +2 x 10-7 N m -' (I N m-3 = 0.1 of a week or shorter. In particular, fast moving
cgs units). The curl of the wind stress, in the other atmospheric disturbances with favorable wind shearE i hand, is two to three times larger and varies between zones can be expected to create new fronts along
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their paths, rather than move a given front far from Ny- TV 7w o s o W~ W 1

its original position. ~8

6. Some aspects of subtropical frontogenesis in the 6O 60iii) ~ ?
lower layer Jz zI-

At depths, where the vertical thermohaline ?0-~
stratification is well developed, frontogenesis is -0 ------- I

jstrongly influenced by differential vertical advec- st,-c< 5

tion, which depends on the horizontal gradients ofI
the vertical velocity (Palmdn and Newton, 1969). ------.- _3

To estimate the significance of this process, wve form Z

the ratio of a typical horizontal advective term to a
typical vertical advective term-0

.00

r~ ~ ~~5 if0 -5jl .~ 5# ~~

25 9 ~ 5 *0-l5 1W0 !75* ?(V ell 1W_3

0

-I4W

355.

2V 
-72

,6V 
10 N' fr3WS0 5 1 55 W A

*45*~~~~ 7- 'To. W15* W0 7 3 5 3 5* 5'4*~-

I FIG. 14. Long-term mean (1931-60) fields of vorticity (top)
e-20 ~ 15 and divergence (bottom) of the wind stress. Based on the

I quasi-geostrophic wind evaluated on a I' latitude-longitude grid.

I:t
ther verica sadiein grato 10h2 fr. T(alues

.. foapplicable to the 100- 150 m depth interval in the suib- _

JAN EAN AL O~ ~tropical region), one finds y = 0. 1. Thus, differential
~ 73'~ 1W .50 vertical advection dominates.

*3To a first approximation, the vertical velocity can

FIG. 13. Longterm mean (1931-60)tfields of shear deformation be expressed asj
(top) and normal deformation (bottom) of the wind stress. Based (

on the quasi-geostrophic wind evaluated on a V latitude- (P)q, IV// X 'rf'-1 j#f- pv10dIz, (6)
longitude grid.J,
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where w6'..o is the vertical velocity at depth D, v,, the O0 , 1=_0(drS\ i

northward component of geostrophic flow and the O- ViOZ--w~j I 1

remaining notations are as before. In the subtropical -

frontal zone, the curl of the wind stress is negative = " - S - Sil

(Fig. 14) while the geostrophic flow has a slight n OZ (7)-' _ -

southward component (Wyrtki, 1974). The former
favors downwelling and the latter upwelling so that In the subtropical North Pacific, where the upper

the two terms in (8) have a tendency to counter- layer is saltier than the one below and where the "z

act each other. The wind stress term, however, is halocline becomes more pronounced as one pro-

5-..10 times larger than the geostrophic term in ceeds sou.hward, both 9SIe3Z and OIOn(OSIOZ) are
regions where V0 , 5 cm s-t and D < 150 m and positive. Salinity frontogenesis can then be expected i

hence the two terms normally do not cancel one to occur where w. < 0 and OwlOn, <0.

anthr Tevetia vlciydistribution is shown in Fig.
Frontogenesis due to differential vertical advec- 16. The figure is based on the curl of the wind stress

tion can be expressed by (Roden, 1977a) as obtained from atmospheric pressure maps and aver- 2

30 3030 NIM 3

%-

25 x,___Z
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aged over the period 13 January- 10 February 1974. 36.

Dots indicate the cruise track of the R.V. Thomas G.
Thompson during the same period. Areas of strong
downwelling are shaded. Vertical velocities are
downward south of latitude 32N and predominantly _
upward north of this latitude. Two downwelling -- 2 -1
centers, at 29030'N, 159 0W and 290N, 153°W and
two upwelling centers, at 350N, 159"W and 34°N,
152 030'W stand out. Maximum downward velocities -
are 10- 3cm s-' and maximum upward velocities are M
8 x 10-4 cm s-. The configuration of the vertical r
velocity field is favorable for salinity frontogenesis
near 31°N, where the normal derivative of the verti-
cal velocity is large and near 29*N, where the verti- 0 !
cal velocity reaches a negative extreme. A compari-
son with the 150 m salinity distribution in Fig. 5 7
indicates the presence of increased horizontal salin- F /

ity gradients and fronts near these latitudes, as
expected from the vertical velocity field. 0 3

Not all prominent features in the vertical velocity ..- cm s-'
field have a counterpart in the salinity distribution 26[0-
at 150 m, however. The large horizontal gradients I, I _
of the vertical velocity associated with the upwell- 40
ing center at 35°N, 159 0W do not lead to significant WEST LONGITUDE -

differential vertical advection of salinity, becausei the vertical salinity gradients at 150 mn are very small Fir. 16. Vertical velocity in the subtropical frontal zone during :
the winter of 1974. Based on the curl ofthe wind stress evaluated

north of 32°N (Fig. 7). Consequently, frontogenesis on a 1 latitude-longitude grid. Dots indicate station positions. '

in the salinity field cannot occur there, despite the Shading indicates strong downwelling. -M

presence of a favorable vertical velocity field.

where p, is density of air and K the drag coefficient, j7. Surface flux differences across the subtropical cannot be evaluated from the scalar and vector wind
frontal zone velocities given in the table, because the average I

(vlvi) is not known. What is listed in the table,
Subtropical frontogenesis depends on differential therefore, is a lower limit for the magnitude of the

momentum, heat, salt and mass fluxes through the momentum flux, based on the middle inequality.
sea-air interface. It is of importance, therefore, For a wind persistence factor of unity, the differ-to compare the different fluxes on either side of the A

ence between the true magnitude and the lower limitsubtropical frontal zone. This is shown in Table 3. is proportional to the wind variance ( IV 12) 1- (v)2-.
which is based on information contained in the ispootoaQotewn aine(v1)-(v 2

Momentum flux differences across the frontal zone
Marine Climatological Atlas (U.S. Navy, 1977). change sign with season. In winter, the strongerAll the fluxes are positive upward and have been ntum fluxes occur in the north, in summero m pm o e nt u b yx e th e b u l p a r m e e r n o rth e q a t o n s u m m e
computed by the bulk parameters and equations they are found in the south. This agrees with the Igiven by Friehe and Schmitt (1976) and Rodengivena. b re ageographical and seasonal change of the mixedlayer depths across the frontal zone (Bathen. 1972).

Scalar wind speeds north and south of the frontal Radiative heat flux differences across the sub--i zone are of comparable order of magnitude, with tropical frontal zone are large in winter and small I
differences seldom exceeding 2 ms-1. Vector wind in summer. Evaporative heat flux differences varyspeeds across the frontal zone vary widely. The dif- in the opposite sense. The resulting differences in
ferences are most pronounced in summer, when net heat flux are such that there is a reversal in sign
vector wind velocities in the south are four times net heat flux a e I ire er is

of the meridional heat flux gradient. In winter, thislarger than those in the north. This is reflected alsoin hewid eristnc fctrdefne b - = '/gradient points in the same direction as the merid-
in the wind persistence factor, defined by v = J (v)j/ ional temperature gradient, enhancing the formation
(lvi). It should be noted that the true magnitude of of a subtropical temperature front. In summer, the
the momentum flux (Pond, 1975), meridional heat flux gradient points in a direction
r =Kpol(vlvl)l po(Ivl>=  opposite of the meridional temperature gradient,

leading to a dissolution of the subtropical tempera-

> K, 1(v)I v I1). (8) ture front. The seasonal variation of the subtropical

_ _I
- - --_
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TABLE 3. Sea-air energy fluxes across the sea surface north and south of the subtropical frontal zone. (v) is the vector wind velocity, a
(v) the scalar wind speed. -y the wind persistence factor. 171 the magnitude of the wind stress, Q, the radiative heat flux, Q, the

evaporative heat flux, Q ,t the net heat flux, S the salt flux and M the mass flux. The indices I and 2 denote the fluxes with and without
precipitation, respectively. All fluxes are positive upward.

North of the frontal zone (35N. 156'W) South of the frontal zone (25°N, 150*W)

Jan-Mar Apr-Jun Jul-Sep Oct-Dec Jan-Mar Apr-Jun Jul-Sep Oct-Dec

Wind (m s-1)

(v) 2.10 1.23 1.55 2.18 3.45 5.67 6.25 4.56
(1 1) 8.83 6.50 5.41 8.60 7.55 7.06 6.83 6.91

0.24 0.19 0.29 0.25 0.46 0.82 0.92 0.66

Momentum flux (N m

ITI 0.14 0.08 0.05 0.13 0.10 0.09 0.09 0.09 1

Heat flux (W m-2)

Q, -32 -100 -131 -23 -91 -159 -161 -88
L Q, 72 54 72 96 111 112 129 129

40 -46 -59 73 20 -47 -32 41

Salt flux (lO' kg m"S')

S, 9 6 -3 2 -7 -10 -13 -11
S' -11 -8 -12 -15 -18 -19 -21 -21

Mass flux (10' Ag m
"2

s')

M, 13 28 27 36 -15 16 6 -29
M, -29 17 14 -48 -23 10 3 -27

temperature front is clearly seen in satellite-derived tense north of the subtropical frontal zone than to the
sea surface temperature maps (National Environ- south of it.
mental Satellite Service, 1977-79).

The salt flux is shown for two cases: with con- 8. Conclusions and discussion
sideration of precipitation and without precipita- The following conclusions can be drawn from an
tion. This was done, because available information analysis of winter oceanographic and meteorological
on precipitation is quite crude and it is of interest data from the region north of Hawaii:
to know how much the results are influenced by
taking precipitation into account. With precipita- 1) The subtropical North Pacific is characterized
tion, the salt flux north of the subtropical frontal by a broad frontal zone between latitudes 28 and
zone is downward only during late summer, as op- 35°N in which there occur several fronts. During -

posed to a year-round downward salt flux without the winter of 1974, the most prominent of these were
precipitation. South of the subtropical frontal zone the 34°N front, the 310N front and the 28*N front.
the salt flux is downward in both cases. The merid- 2) In the upper 100 m, the temperature and salin-
ional salt flux gradient is fairly constant throughout ity fronts are largely density compensating and Z
the year, which contributes toward the persistence almost vertical. With a sampling grid of 27 kin, the
of the subtropical salinity front. fronts appear -50 km wide and have typical salinity

The turbulent mass flux (Kamenkovich and Monin, differences of 0.4%. across. The temperature differ-
1978; Dorrestein, 1979) is also given for the cases ence across rarely exceeds 2°C and is larger in
with and without precipitation. A negative sign in- winter than in summer. Sound velocity differences
dicates a downward flux, which can be interpreted as across the front reach up to 12 m s-1 during winter. -

turbulent convection. It is seen that convection 3) Hydrostatic stabilities in the subtropical frontal
motion dominates during the colder part of the year zone are generally low, because of opposing vertical
both north and south of the front. With no pre- temperature and salinity gradients. In winter, a thin
cipitation, the convection lasts slightly longer than layer of increased stability (VaisJI frequency
with precipitation. The meridional gradients of the N = 0.01 s-) is found between -100 and 125 m.
turbulent mass flux are small. With no precipitation, 4) Below the thin layer of high stability, there are
the winter convective motion is slightly more in- prominent lateral intrusions of cool and low-salinity
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subsurface water under warmer and higher salinity the geographical variation oftthe heat, salt and mass
surface water, to the north of the subtropical front fluxes more thoroughly in order to understand the
at 31°N. frontogenesis processes better than can be done

5) Between 200 and 500 m, temperatures and presently.
salinities in the subtropical frontal zone decrease u ad, Acktiouledigments. I am indebted to C. A. Barnes,I ra~ther uniformly with depth. A deep salinity mini-rauifo r wit d a deep salinitylmini- L. H. Larsen. M. Rattray, P. Welander and A. D.
mum is found near 550 and a deep sound velocity out the pro-
minimum occurs near 750 m. Numerous oscillations
are superimposed on the thermocline and halocline, gramming and plotting. The scientific and operational
some of which have steep frontlike features. crew of the R. V. Thomas G. Thomnpson, C. Clampitt

6 0 0 y h t r commanding, are to be commended for outstanding,' 6) The 011500 db dynamic height topography
bears no similarity with the configurations of the performance. The research reported herein wasbearsface temperatureandtsalinitynfigurationdicatingsupported by the Office of Naval Research under
surface temperature and salinity fields. indicating Contract N-00014-75C-0502 Project NR 083-012.that the surfiace thermohaline fronts are not deter-
mined by the baroclinic flow field.

7) The 150/1500 db dynamic height topography REFERENCES

shows a close association with the configurations of Barnett, T. P.. 1976: Large-scale variations of the temperature
the temperature and salinity fields at 150 m. in- field in the North Pacific Ocean. Naval Re. Rev.. 19,
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SUDIARY

I Approximately 30 academic physical oceanographers interested in

observational programs in the upper ocean met for informa l discussions

I from 3-5 March 1980 at Timberline Lodge, Oregon. The emphasis was on

ideas for future research, including that uork concerned with the direct

response of the upper ocean to atmospheric forcing. Since most of the
-- - investigators who took part in MILE a.nd JASIN are noi planning further

observations in the upper ocean, the meeting began with short presen-

tations in which the participants outlined their new projects. Follow-

ing this there were discussions of some major questions concerning the

upper ocean; these were pursued in -aller groups as well as by the full

workshop. Finally, the proposed observational programs were considered

again since many of the participants recognized epportunities for coop-

eration. This sumary report has been prepared as a reminder for the

participants and to provide a synopsis for others interested in upper

ocean work.

The most significant conclusion to emerge from the meeting was that

observational capabilities in the Apper ocean are improving rapidly. New

- instruments made possible the MILE and JASIX programs, and now a Second

generation is being developed, including some for the purpose of upper

ocean work during stor-s. Important discoveries have resulted almost

every time new instruments have been used, and more can be expected.

Since most of the investigators using these tools are studying part-cular

processes, e.g., internal .ves, intrusion, or small-scale mixing, their

observational approach is to do Joint programs to obtain those complemen-

tary measurements that are most directly necessary to understand the

processes of interest. Until these immediate linkages are understood,

the benefit to be gained fron additional even larger programs is secondary.

As an example, microstructure work has reached the point where the dissi-

pative quantities .1 and c -mst be related to the local shear. Until this

is done the relationship of the mixing events :o nesoscale eddies or

direct wind forcing is secondary; restricting the observations to only

those large-scale experiments that can define the eddy field will not

yield progress consistent with the effort involved.
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The programs presented by the participants extend until 1984 in some ,T1

cases. Much of the work is exploratory, reflecting the fact that our

knowledge is severely restricted by the lack of any observations that

it define whether particular processes ave imortant in even one situation.

The diversity of the programs indicates that the question of which

processes are important is a statistical problem and must be addressed

at many times and places. Several of the efforts are of the same scope

as MILE.* Compared with the effort in the upper ocean five years ago,

this represents a large increase in the total effort and in the coop-

eration between individual research programs.

In short, rapid progress is being made in our understanding of the

upper ocean and, although continued and even enhanced communication and

cooperation will be beneficial, a significantly different way of working

together, or a major new community-wide experiment is not warranted at

this time.

are In the following, the summaries of the presentations and discussions

are grouped into scientific questions, instrumentation, and observational
programs.I

GENERAL SCIENTIFIC QUESTIONS

1. It was generally agreed that we still have much to learn about

the mechanisms by which momentum, heat and chemical constituents

are transferred at the sea surface and within the mixed layer.

Very near the surface, which itself is poorly defined, we need

to improve our understanding of how surface waves effect

momentum exchange and how much of the Ekman transport may be

carried by them. The presence of bubbles and spray may sig-

nificantly affect transport of scalar properties but we do not

yet know how to observe this.

*The Mixed Layer Experiment (MILE), which took place in August-September

1977, involved 14 principal scientists from 6 institutions, and some
$1.5 million in funding, including analysis. It was conceived in 1975,
and the major scientific papers began to appear in 1979.
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Within the mixed layer we are still ignorant of the dominant

. sources of energy for mixing and of the structure of the tur-

F bulence. In generating turbulence, what is the relative impor- -A

tance of wave breaking and production by shear near the surface,

in the interior of the layer, and at the base of the mixed

layer? If waves are dominant, one would hope to observe micro-

structure and turbulence modulation related to breaking events.
f If surface shear is dominant, a dependence of turbulence on

wind stress but little wave breaking modulation is expected.

If shear at the mixed layer base is critical, then turbulence

would be modulated by the shear at the bottom of the mixed

layer that is more closely related to the relative phases of

inertial motions above and below the mixed layer base than to

wind stress. If turbulence production within the layer is

important, a dependence of microstructure on internal shear

and the Monin-Obuhkov length is expected. Observations that

give evidence of several of these sources have been reported;

however, there is insufficient evidence to determine under

what situations different sources are dominant.

The need for vertical profiles of temperature and velocity

microstructure as indicators of the location of turbulentIenergy sources in the column is great. Few measurements of

this type have been made within 10 m of the surface during

even moderate winds because present instruments behave poorly A

under such conditions, particularly during launch. The need
for tw-)- and three-dimensional cuts through the mixed layer

on various scales was also emphasized. These are essential

to define any large scale structures (Langmuir cells, convec-

tion plumes, shear instability billows, etc.) important in the

mixing process, and to define the lateral intrusive processes

that are observed when horizontal inhomogeneities relax. Sim-

ilarly the "roughness" of the base of the mixed layer is believed

to be important in generation of internal waves, and the struc-

ture of the near surface "micro-bubble cloud" discloses features

of the turbulence near the surface. As an example of this stra-

tegy, Thorpe has monitored the bubble cloud in Loch Ness using

3
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an acoustic sounder and found that (a) the bubble cloud depth

varied almost linearly with wind speed, showing dependence of

the turbulence on wave-breaking or near-surface shear, (b) bubble

cloud depth did not respond to Langmuir cell slicks, suggesting

that the cells are restricted to only a few meters depth or are

very weak, and (c) distinct forms of roughness in the cloud's

roughness corresponded to periods of convection, wave breaking

and large shear.

2. Several points of particular concern for models of mixed layers

were discussed. The goal was to pose observational questions

that would test major assumptions of different models. In

large measure the subjects of concern to modelers parallel

the interest of the observationalists

A. Is the deepening of mixed layers controlled by a critical TO

Richardson number across the interface at the bottom? (This

is a key assumption in Mellor's model.) Or, is the deepening

related more closely to the wind stress, as supposed in models

of the Kraus-Turner sort?

B. How should the flux from the seasonal thermocline into a

stationary mixed layer be parameterized? By gradient diffusion?

C. How should the energy-containing turbulent components be

parameterized? Some models use an integral length scale to

describe the energy-containing motions, and this in turn forms

the basis for parameterizing c, the rate of dissipation of tur-

bulent kinetic energy. Large-scale models assume that the

integral scale depends upon latitude. Some of the observa-

tional±0 ts felt that the dependence of models on an unknown

integral scale was more a modeling convenience than something

that could be related to measurements.

D. How does kinetic energy leave the mixed layer? Can the

rate of decay of inertial energy in the mixed layer be recon-

ciled with the downward flux of near-inertial energy in the

4
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thermocline? Or is it possible that the energy leaks out as i
high frequency internal waves generated by mixed layer turbu-

lence?

E. Are there significant- and three-dimensional phenomena

in the mixed layer? If . t are they and how may their I
effects be parameterized:

F. Do frontal dynamics (e.g., convergence zones and jets)

strongly alter mixed layer dynamics?

3. What is the importance of flows below the surface mixed layer?

Two aspects of such flows were considered. The first concerned

the role of Ekman divergence (convergence) on mixed layer dynam-

ics. This has been incorporated into models, but never observed.

If it is important, what are the time and length scales? Closely

coupled to this is the general role of bulk Ekman dynamics. Over

what space and time scales is it relevant? The second aspect of

deeper flows was the role of intrusions, which have been observed

directly at the base of the mixed layer as well as throughout

the upper ocean. Are they major factors in the response of the

ocean to atmospheric forcing, or are they more occasional hap-

penings?

4. Motions of tidal and near-inertial frequency dominate the

spectra of moored time series. What are the mechanisms for

generating these motions and what are their spatial scales?

The near-inertial motions are believed to have scales on the

order of 100 km or more in the mixed layer, which are estab-

lished by atmospheric forcing. (This is not well established,

however.) The scales observed below the mixed layer are more

on the order of 10 km. Why the difference? Do the shorter

scales "leak out" more effectively? How do the leakage rates

depend upon the depth of the mixed layer and on its three-

dimensional structure? Briscoe pointed out that strong har-

monics and mixing of the tidal and inertial signals are found

in records from the upper ocean but not in those from several

5



kilometers deep. Are the harmonics smeared by nonlinear
interactions?

5. Although not restricted to the upper ocean and atmospheric

forcing, there was considerable interest in improving our

understanding of the nature of small-scale vertical mixing in "'LI
the seasonal and main thermocline. Measurements of tempera-

ture microstructure indicate that the gradient heat flux is

quite low in the main thermocline but can be large in the

_ seasonal thermocline beneath strong storms. These measure-

;S_ ments are a very limited sample in space and time. Much more

information needs to be obtained about the seasonal and geo-

graphical variability. It is also important to determine how

X and c are related to the variability in the shear field.

What effect do the dissipative events have on the internal

wave spectrum? Are critical layers as important in the ocean

as in the atmosphere? Or is most of the energy lost from the

internal wave field in bottom and side wall boundary layers?

6. The transition from the mixing layer to the upper thermocline

is a region of strong shear and intense gravity wave activity

which continues into the thermocline. Many questions remain

unanswered about the interaction of internal waves in shear

flows. Is the internal wave directional spectrum affected by

propagation of waves in a shear? How does this process affect

wave-wave scattering, mixing and Reynold's stresses? How does

the critical layer phenomenon actually operate in the presence

of large amplitude waves with a continuous spectrum? A large

part of the short-scale vertical shear is associated with

quasi-inertial oscillations. How do high frequency internal

waves interact with these time-dependent shears? Is there
-4Q

evidence for mixing events and transfer of momentum associated

with critical layers?
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1 INSTRUMENTAL DEVELOPMENTS

The capability of making observations of structures and motions in

the upper ocean has increased greatly in recent years and was the basis

for the MILE and JASIN programs. (The vector-measuring current meters

developed by Weller and Davis may be available commercially by late

1980.) The next steps are the development of long-term upper ocean

moorings (Halpern and Briscoe are both working on these), and the further

development and refinement of towed and profiling instruments that can

work efficiently in heavy sea states.

During the past year Sanford and Drever completed development of an

expendable velocity profiler (XTVP) that produces data of quality compa-

rable to their large EMVP. Osborn and Lueck are working on an expendable

e profiler using the shear foil probes that were successful on CAMEL.

Miyake has been testing XCTD probes that are being produced commercially.

Caldwell and Dillon at OSU and Oakey at Bedford have developed lightweight

tethered profilers for microstructure in the upper ocean. A refinement of
the OSU probe can be dropped and retrieved from a ship underway at 6-7 knots.

Gregg and Lahore are developing an automatic profiler for temperature and

velocity microstructure and density finestructure that can be deployed

under strong storm conditions. In an effort to measure c directly to the

surface, Osborn's new internally-recording instrument will record data

during its ascent.

Two other profiling systems are being developed which are probably

not suitable for strong wind forcing but will work in the upper ocean

under moderate conditions. Cox is completing a drifting yo-yo electro-

magnetic velocity profiler, which he calls the Cartesian Diver. It will

have its first trial next autumn. It has a maximum depth of 1 km and

will usually be operated between the surface and several hundred meters.

The vertical water velocity will be determined by recording the rotation

induced by paddles on the case as the vehicle rises (similar to the

approach of Voorhis). Sanford and Gregg are developing a multiscale

profiler (MSP) that combines the electromagnetic velocity data with an

acoustic current meter and temperature, salinity and velocity microstruc-

ture information. The instrument will operate in the upper 1 to 1.5 km

and can be used in moderately heavy sea states.
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The ability to do horizontal measurements is also increasing.

Paulson's towed thermistor chain was used to depths of 90 m during the

FRONTS cruise. He plans to add conductivity cells and possibly other

sensors. Gregg is studying the dynamic response of temperature and -

conductivity probes in an effort to improve the horizontal mapping of

temperature and salinity with the APL-UW depth-cyling towed body. He

also intends to add an 0 2 sensor.

Osborn and Gargett are developing turbulence instrumentation for

use on the USS Dolphin. The measurements include velocity, salinity,

temperature and acceleration. They anticipate that observations can be

made close to the surface and that the ship can be a component of future

mixed layer programs.

Pinkel's development of remote probing of the near-surface velocity

field from FLIP is being extended so that he can search for patterns in

mixed layers. Using one sonar beam, the velocity can be sensed to a pre-

cision of -1 cm-s after 30 seconds averaging.

McWilliams and Niiler are designing six surface drifters for deploy-

ment during STREX in October 1980. A 120 m-long cable with 10 thermistors

and 3 pressure sensors will be suspended below the floats, which will

house atmospheric pressure and oceanic near-surface temperature. The data

will be transmitted via satellite, providing 3 hour means and variances.

OBSERVATIONAL PROGRAMS

The observationalists discussed their plans for future work, which

in some cases was foreseen to about 1984. Many of the plans involved

cooperative endeavors of varying size; in some cases other participants

indicated a desire to join the work. The following summaries describe

the joint programs and do not include the solo investigations that were

discussed. These projects are either funded, proposed, or "at the tip

of the pen." Two additional themes emerged--studies of near-inertial

motions and of deep convective mixd layers--in which many participants

expressed strong interest for future cooperation. The table at the end

indicates the estimated times of the programs.
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II

1. STREX. Atmospheric scientists are planning measurements at

Station P in the autumn of 1980 to examine air-sea transfers

under storm conditions. Several oceanographers would like to

participate in what are basically independent measurements-of-

opportunity. The McWilliams and Niiler drifters have already

been mentioned. Sanford has requested funds to deploy his

XTVP to determine whether there is an increase in near-inertial

storms. A highly energetic structure (a peak amplitude of

0.5 m-s I at 200 m depth) found north of Hawaii suggests the

range of intensity of these features is not known. Also,

deSzoeke would like to deploy four moored thermistor chains

to examine convectively-dominated mixed layers during STREX.

2. FLIP-based observations of the near-surface velocity field will

be made by Pinkel and Weller in May 1980 off Southern California.

The acoustic Doppler system will be used to examine near-surface

internal wave propagation and the directional spectrum of theI near-surface internal wave field. Current and CTD profiles

will be used to form the gradient Richardson number. The effect

- of FLIP's drift will be monitored using LORAN-C navigation. At

the end of their observations, Sanford will take several patterns

of XTVP profiles for an intercomparison and to examine the struc-

tures with scales greater than the range of the acoustic beams.

3. In mid-1982 or 1983 Pinkel, Weller, and Price plan to concen-

trate on structures within mixed layers, including some bio-

= logical measurements. Attempts will be made to study the

horizontal structure of the velocity field within mixed layers,

including Langmuir and convective cells. It was suggested that

N .Thrope's use of bubbles as tracers might be fruitful. It also

might be advisable to direct the beams at a sufficient angle

to the vertical to obtain a Doppler component from the stronger

vertical motions in any cells.

Other investigators who expressed interest were Gregg, Osborn,

and Sanford, who could base their yo-yo or expendable profilers

on FLIP and use the acoustic signals for background. Osborn
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and Gargett were interested in possibly operating the USS

Dolphin nearby. Pinkel encouraged other measurements that 

could examine horizontal structures around FLIP.

4. Chris Mooers stressed the need to test the various numerical

models (including those that will be used for operational

forecasts) of the upper ocean thermal structure against common

data sets. (Atmospheric scientists have found such prediction Li
experiments beneficial; so probably will oceanic scientists.)

He envisioned a program that would include repeated AXBT pat-

terns, as well as current and wind measurements, to obtain

multiple realizations of the evolution of forced events. This

prediction experiment (PREDEX) could incorporate process stud- f3
ies of Ekman pumping/suction and near-inertial motion radiation;

i.e., a comprehensive study of the ocean's adjustment/response

to atmospheric forcing by storms and larger scale, larger term

forcing. This experiment could commence in one-to-three years.

5. Briscoe emphasized that the next stage in long-term studies of

the upper ocean is the deployment of near-surface moorings for

several seasons to obtain adequate statistics based on multiple

forcing events. lie has proposed that such a mooring be estab-

lished at 320N, 570W for a period of two years, beginning in

late 1981. The site was chosen to provide occasional mesoscale

forcing as well as direct wind events. A need exists for some

more detailed measurements near the moorings on an occasional

basis; this is also an opportunity for those wishing to use

the moored data as background for their observations.

6. Niiler underscored the deeper response of the ocean to diver-

gences and convergences in the shallow atmospherically-forced

flow. He is preparing a proposal to study the low-frequency

circulation of the Northeast Pacific. This would involve the

installation in the summer of 1981 of two densely instrumented

subsurface moorings along 150OW at 29°N and 420N. Based on

10



the results of the first one-year deployment, larger arrays

would be installed for up to two years. Specific moorings to

study the upper ocean would be added for shorter periods.

7. Gregg and Sanford expressed their intention to explore signals

in microstructure and near-inertial motions under strong storms.
Gregg's motivation is the observation of Cox numbers changing

from 6 to 1000 and back to below 10 as a storm passed over the

MILE site. Sanford stressed the structure found in January

1980, which contained about 100 times the kinetic energy of

the typical near-inertial feature; he believes that the feature

was generated by the strong storms that had recently passed

through the site. They will try to use ships of opportunityI

to explore the conditions under strong forcing events. I

The above programs have their principal effort directed toward
2

the direct response of the ocean to atmospheric forcing events.

Several others are concerned with the upper ocean but have at

most an indirect connection to atmospheric forcing.

8. Terry Joyce described the Warm-Core-Ring Experiment which has

been proposed as a multidisciplinary program involving biolo-

gists and chemists as well as physical oceanographers. The

objective is to examine contained systems having strong lateral

gradients. The interaction of rings with the shelf water is

also of interest. In the center of the rings, mixing processes

are believed to be primarily vertical. Within the rings mixed

layers are 20 to 30 m deep in summer, deepening to 350 m in A

winter, while in the slope water outside the rings the mixed

layer depth is only 150 m. Lateral variability in these

layers will be examined with CTD to-yo's. Several partici-

pants at the workshop suggested that this promises to be an

I . opportunity to examine a unique mixed layer regime and should

be viewed in the larger context of convectively-driven mixed

layers; measurements should be made that can be repeated in

the deep mixed layers south of the Gulf Stream.

i- 11
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On the edges of the rings, the many thermohaline intrusions

found in the upper 300 m suggest that lateral mixing is domi-

nant, which gives rise to the question of why the rings live

so long. A series of to-yo's is planned to obtain statistics

of intrusions through the boundaries.

Osborn plans to obtain c profiles in the rings. Joyce expressed

a need for temperature microstructure measurements and more

detailed horizontal observations than can be obtained with to-yo's.

Leaman plans to deploy a Cvclesonde, and Gregg and Sanford

said they expected the MSP to be ready for the 1983 program.

9. The Subtropical North Atlantic Gyre Experiment was described

by Schott as being focused on the main thermocline near 260N

in the Western North Atlantic. The goal iz to observe low-

frequency variability, e.g. the changing amplitude of the

Antilles Current. Moored current meters will be placed in the

zone from 100 m to 1000 m, and the vertical velocity will be

inferred assuming the Beta Spiral.

10. Several investigators expressed interest in further measure-

ments in the Equatorial Undercurrent. Hayes and Halpern are

now doing so as part of EPOCS. The PEQUOD program is trying

to develop an upper-ocean program; as part of this, Pinkel is

considering taking FLIP to the equator and letting it drift

for nearly a month to examine the generation of internal waves

in the strong shear zone. This would be done in either 1983

or 1984. Gregg is planning to use the microstructure yo-yo,

and Osborn expressed interest in using his expendables.

11. Gregg discussed a plan to examine the transport of scalar

quantities from the seasonal thermocline into the mixed layer

under the trade winds. In these locations the observed micro-

structure levels have been far lower than would be expected

from the gradient fluxes required to sustain the standing crop

12
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observed by biologists. The yo-yo will be used to obtain an

extensive set of microstructure measurements following a tagged

water parcel. Davis expressed interest in releasing a cluster

of floats instrumented with temperature, and possibly conduc-

tivity, sensors.

12. Following the meeting Chip Cox provided the following summary

of his proposals for future observations.

A. &-periments on measu.-nng the spatial strueture of currents
(frequencyi < conchls frequency)

(1) The goals are to describe the fine scale of currents

in the surface mixed layer and in the thermocline.

Frontal systems at the surface and intrusions at depth

are examples of structures that have smallish scales

of the currents. Fronts can also exist below the

surface--for example, the formation of intrusions

from unique surface conditions. Some of the questions

to be asked are:

(a) What are the cross-sectional scales of these
flows? Do the flows form a filamentous structure?
What are the meander forms? What time scales are
involved?

(b) How are small-scale flows maintained? Is there
interaction with internal waves that tends to accen-
tuate or diminish small-scale structure? What are
the shears (vertical, horizontal) in the flow and
how do they interact with internal waves and currents?

(2) Techniques needed to attack these questions are

continuous in nature because discrete observations

with fixed current meters cannot (unless very closely

spaced) avoid aliasing spatial scales. Examples of

continuous shear recorders are the BR' of Sanford,

the Cartesian Diver (both vertical profilers) and

the Doppler devices of Pinkel and Regier (mixed

horizontal, vertical profilers). An experiment with

13



8these devices should be accompanied by CTP observa-

tions in a close spaced network and probably with

moored current meters for reference information.

B. Stormy weather and its infl.ezce On -nerna nrtion

(1) So far in the study of near surface properties of

the ocean it has not been possible to evaluate the I
relative influence of storm events vs long-term

less intense conditions for establishing the mean

climatology of the ocean as a whole. In particular

some questions which badly need answers are:

(a) flow is the internal wave climate maintained?
Is it supplied by energy in bursts which then sup-
ports the calm weather internal urave energy by
spreading widely through the ocean? h-hat is the
energy flux into internal waves in stormy condi-
tions? Does this locally enhance wave energy with
associated dissipative events? How much wave energy
can escape from the stormy region? flow deeply does
it penetrate into the sea?

(b) By what amount are dissipative events enhanced
by enhanced internal save and other shear flows?
What is the role of inertial osciliation in these

processes? flow deeply does the dissipation extend?
flow much turbulent transport of properties is brought
about by these processes? Can storm-generated events
provide the "missing" eddy fluxes which have been
inferred from chemical measurements of average mixing?

(2) Techniques that can be applied to these questions must

be capable of operation under stormy conditions. Our

experience has so far been unsuccessful (mostly) for

these extremes, but efforts are under way in two direc-

tions. (a) Expendable probes launched from shipboard

may be practical. (Question: how do we avoid having

a connecting link to ship blow back in our faces by 3
wind?) (b) Probes and moorings that can be launched I
and recovered between storms may be successful (moored 4
C.M.'s certainly are). The Cartesian Diver is

intended to work in this way.

14
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C. The mutual influences of quasi-steady shear flows, inter-

nal waves, and turbulence need to be examined. If shear flows

can produce some types of anisotropy in internal wave spectra,

this should lead to rapid momentum fluxes. Streng shears may

lead to critical layers from certain internal waves. If

formed, these are important influences on the shear flow

itself, on the internal waves and on mixing. Some questions

are (a) what is the degree and type of anisotropy of internal

waves in shear flows? Is there a measurable Reynold's stress?

What is the interaction of high frequency internal waves with

shear of strong, short vertical wavelength inertial oscilla-

tion? (b) Do critical layers develop in these or in steady

shears? What is the nature of nonlinear interactions in shear

flows? Does this interaction tend to reduce the importance of

critical layers? hat is the nature of dissipative processes

in critical layers? flow does the critical layers phenomenon

affect the spectrum of internal waves in the neighborhood of

shear flows? (c) Does shear instability develop in the absence

of critical layers because of instability of intense internal

waves?

These and related questions require ne" observations combined

with the best theoretical work to guide experiments and to help

explain the results. The development over the past several

years of shear probes such as the fMF3P and Cartesian Diver and

Doppler sonar will provide some of the required tools.

D. Some other processes that interest me and are not described

above are the following:

(a) What is the nature of the sharp and regular stair step
profile in the vertical which only occasionally appears,
but has been described several times? Sometimes, but not
always, it seems to be the signature of a double diffusive
process.

(h) How does the internal wave energy in the deep water
manage to maintain itself almost at 2 constant level?
What 2bout diffusion of internal *ave energy vs radiative
transport? bhat is the degree to which the I.W. -pectrum
on equilibrium or quasi-equilibrium form?



Discussion was begun of two observational programs that were of

interest to many people attending the workshop--Near-Inertial Motions

and Deep Convective Mixed Layers. Some of the scientific questions

concerning near-inertial motions have already been discussed. Further

consideration is expected. Sanford suggested a special session at the

Fall AGU, which Mooers agreed to organize.

Most of the attention that has been given to mixed layer experiments

has been concerned with wind-forced events. Many think that convectively-

dominated regimes merit investigation, especially since these are the

source of most of the intermediate water. Some of the particular ques-

tions raised were: Is it possible to measure latent heat flux from a

buoy? Is the dissipation really different in a convectively-dominated

regime? What is a first-order description of the horizontal structure

in such a regime?

Joyce and Briscoe pointed out that Worthington is planning an

investigation of the Gulf Stream and the transport of the 180 water for

1982 and 1983. Observations of the deep convective mixed layers south

of the Stream would complement that work. Mooers suggested the Texas

shelf as an alternate site, due to the frequent, strong "northers' there

and the subsequent outbreaks of cold air. Since the probability of

finding a convectively-driven deepening event is low during any 3-week

cruise, Briscoe offered to consider moving his proposed mooring to this

site if there was sufficient interest. Further discussions are expected.

There was also interest in whether any of the proposed drilling sites

for the Glomar Explorer would provide a good location for extended

profiling measurements.

NI
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Table I. Observation Programs for Which Dates (Firm or Tentative)
Have Been Set

1980 1981 1982 1983 1984

STREX X

FLIP - Seasonal Thermocline X

FLIP -Mixed Layer X

FLIP - Equatorial Undercurrent X

Briscoe - Atlantic Moorings , i-

Niiler - Pacific Moorings

Warm-Core-Rings

Subtropical N. Atlantic GyreIL

17I
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APPENDIX

In preparation for the meeting, most of the participants prepared

one page summaries of their personal research goals. Two participants

elected to include their summaries here.
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SOME HIGHLIGHTS OF PERSONAL INTEREST: from the modeling viewpoint FV°!l
Roland William Garwood, Jr.

Department of Ocearographvy, Naval Postgraduate School

I. Spring Transition in the Oceanic Planetarv Boundarv Laver (OFBL)
Fig#. I shows a model climatology (17-wear mean) for the variance

Fig.l Variance in mixed layer depth In mixed laver depth at a site
in the North Pacific . The

2eee- largest variance is in the late
winter, and there is a vervI M rapid reduction in the month of
April. The Peak. value in March

j15C- ~is associated with year-to-year
2) : ::3 -,,variabilitv in the time ofi

*:..: sPring transition. This result

-le.- . further (Elsberrg and Garwood,
I-I 1978:BIll. Am. Meteorol. Soc..

59) emphasizes the importance
of the March and April air-sea

. .... interaction in temperate

* latitudes. Future field and

a 'fV, !AJmodeling Programs should
S' ' , ' .... ' I '" * '.recognize the sigrificance of

e 1e 200 388 this time Period during which -l
DoFmH E the ocean is most sensitive to

variations in atmospheric forcing+ In addition to the annual and
loner-scale climatic implications, the spring transition has iI
significance for the survival of fish larvae (Lasker, 1978: Rapp.
Po-v. Reun. Cons. int. Explor. Mer, 173).

II. Surface Density Fronts I
Interaction between Ii 1

frontal circulation arid OFL i
Processes are being studied
with the aid of a new coupled '

OFBL-Gereral Circulation Moriel
(Adamec, et al, 1980: in\
Prep,)+ Initial results
suggest that wind direction - - -

relative to the local frontal T. HOUR 12 T. HOUR 12
- I azimuth and stratification due

to surface heatiri are
important in determining L
cross-frontal mix ing and
upwelling arid downwellin F1-
circulations at the interface . .
between water masses# Fig. 2 V
shows T(xz) sections under
combinations of heating and 6

wind direction conditions
after 12 hours#afe 2Fig. 2 Model results with identical initial conditions. Open

arrows show direction of net surface heat flux, and closed ar-
rows give direction of Ekman transport. Horizontal tick marks i
are at 5 KM spacing, and the vertical scale is 50 M overall.
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Brief Statement of Upper Ocean Research Plans

Christopher N. K. Mooers
Department of Oceanography
Naval Postgraduate School

The general topic of interest is the prediction of upper ocean thermal structure
-nd4all that implies. The ability to make a short range (few days), limited area
(104 km ) forecast of the field of mixed layer depth and temperature, to some as yet
undefined accuracy, in a general oceanic region would be significant. The basic
questions are: "How do you do it? and "How do you know when you have done it?"
Component questions of interest include:

a. How "good" do the atmospheric forcing data have to be? Some sensitivity
tests would be needed.

b. How well can they be determined from satellite or other remote sensing? Is
an atmospheric model needed to make a good estimate?

c. Can we use satellite or other remote sensing data, together with climatology
and geostrophic and Ekman dynamics, to make an initial analysis?

d. Given the initial analysis and some estimates of boundary conditions, and
forecasts of atmospheric forcing, do we have an upper ocean thermal structure
forecast capability or are we limited by our ability to parameterize transfer
processes, initialize, or verify?

Sometimes, it is interesting to contemplate a series of prediction experiments. You
probably would like tests under storm conditions. Quickly, there would arise the
question of anyone's ability to resolve spatially the atmospheric forcing induced by
a storm without a storm model.

A more specific problem of strong personal, professional interest is the theory
of the generation of near-inertial motions by atmospheric forcing, their propagation
(especially in oceanic frontal zones), their role in mixing via the shear instabil-
ities they may induce, and parameterization of any such turbulent mixing. Results
from several studies, apparently including FRONTS, lend some vitality to this avenue
of investigation.

Another topic of very strong interest to me is the interaction of the eddy
stream of the California Current, irregular coastal bathymetry, and the sequence of
synoptic disturbances (weather cycles) of the Northeast Pacific with the West Coast
upwelling regime, which presumably leads to offshore entrainment in the upper layer
of upwelled waters so provocatively and seemingly apparent in satellite IR imagery.

One can also wonder about the California Current System. For example, what-in-
the-world are its three traditional seasons: upwelling, oceanic, and Davidson -

Current? How do the waters and flow of the California Current, Undercurrent, and
Countercurrent "tie-in" with the general circulation of the North Pacific, especially
considering the hints now available regarding intra-annual and interannual variability

• in all components of the System? Are mesoscale coastal wind systems of importance
to evolving the state of the oceanic upper layer? In the coastal ocean? Elsewhere?

I March 1980
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Signatures of Mixing from the Bermuda Slope, the Sargasso Sea and the Gulf Stream
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ABSTRACT

Nearly simultaneous profiles of temperature microstructure and velocity shear were made adjacent
to the island of Bermuda. Profiles with elevated microstructure levels were found in close association
with regions of pronounced steplike finestructure, which contained nearly adiabatic regions from 2 to
10 m thick. The temperature spectra and the presence of numerous centimeter-scale temperature
inversions gave evidence that active turbulent mixing was occurring in some of these regions. These were
the locations in which large-scale surveys, reported by Hogg et al. (1978). found that eddies impinging
on the island were forcing alongshore flow.

Although the mixing was intense by comparison with profiles in the thermocline, the limited geo-
graphical extent of the affected areas and the moderate levels indicate that mixing adjacent to islands is
of minor importance on a global basis.

A very limited number of profiles tak=n in the Sargasso Sea found microstructure levels in the thermocline
that were similar to previous data from the Pacific. In both sets of observations the microstructure
levels are consistent with Kz levels significantly below 10- 4 m2 s - '. Although the surface winds were
very light, a 135 m deep mixed layer was turbulent. The spectral forms showed general, but not
exact, agreement with the "universal"' spectral forms.

The microstructure activity in the Gulf Stream was dominated by double-diffusive signatures on the
upper and lower boundaries of the numerous thermohaline intrusions that were present. Thus the high
shear values, 10-2 s-1, did not inhibit the formation of double-diffusive structures. In intervals not
containing inversions, the microstructure levels were little different from those in the Sargasso Sea. These
levels are much lower than those found in the Equatorial Undercurrent and are not consistent with the
values assumed for vertical turbulent diffusivities in models of the Stream.

1. Introduction in which the observed microstructure levels are
compared with those that would accompany the -

Inferences about the presence and intensity of turbulent fluxes assumed by large-scale models, and
small-scale turbulent mixing must be made to con-
struct analytical and numerical models of oceano- pr reogniti indwhichmsmall-scalelmixing
graphic features. The parameterization of turbulent tory experiments.
fluxes plays a particularly prominent role in models t i e ntsSince fluctuations occur over a wide range of
of mixed layers, the main thermocline, and jetlike scales, it is necessary to distinguish those scales
flows such as the Equatorial Undercurrent and the at which molecular processes are important from
Gulf Stream. In the absence of a theoretical frame- larger features. Because gradient structures with
work for understanding mixing, particularly in thicknesses <0.5 m are required to produce signif-
stratified fluids, estimates of turbulent fluxes are icant viscous or diffusive transport, that range of
obtained as the residuals required to balance fluxes feature has been termed microstructure. Larger
from other processes, which are presumably better structures can also be produced when mixing occurs
known. but, without accompanying microstructure observa-

The objective of microstructure measurements is tions, it is often difficult to distinguish this
to improve the understanding of mixing by direct irreversible finestructure from reversible finestruc-
observation, with an ultimate goal of measuring the ture, which is formed by internal wave deformation.
fluxes. Since observational techniques are presently In this paper we use simultaneous microstructure
inadequate for direct flux measurements, more and finestructure observations to investigate mixing
limited results must be accepted. Currently, most at several locations in the northwestern Atlantic
of the information is based on consistency tests, Ocean. The observations were made from the R/

Department of Oceanography. University of Washington Knorr during the Fine and Microstructure Experi-
Contribution No. 1049: Woods Hole Oceanographic Institution ment (FAME), which was performed in the autumn
Contribution No. 4319. of 1975. The primary objective was to study mixing
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processes in the vicinity of Bermuda with mooritngs, henceforth referred to as HKS). Current meter
CTD casts, and a variety of free-fall instruments, records. Geomagnetic Electrokinetograph (GEK)
Observations more limited in scope were also made traverses and CTD surveys showed that several
in the Gulf Stream and in the Sargasso Sea; while mesoscale rings or eddies were impinging upon the
at the latter site we found a deep turbulent mixed island. The situation was thus quite different from
layer, which provided an excellent opportunity to that treated by Hogg (1972); in particular, there was
examine the characteristic signatures in the absence no broad flow incident on the island and the veloc'ties
of stratification. were generally low. Although no steplike structures

Using these sets of observations in consistency were found in the CTD profiles. an increase of a

provides strong evidence about the correctness of was observed as the island was approached from any

the models. In addition, comparison of the levels and direction. This increase in the finestructure was
characteristics of the microstructure at the FAME shown by plotting the variance of the temperature
sites, as well as with those made in the central gradient contained between wavelengths of 25 to 5 m
Pacific (Gregg, 1976a. 1977b) the California Cur- and between 1.0 and 0.2 m for all of the CTD casts.
rent (Gregg, 1975) and the Equatorial Under- (Although some thermohaline intrusions were found
current (Gregg, 1976b: Crawford and Osborn. 1979). in the CTD surveys, they were not responsible for
affords considerable insight into the small-scale mix- the increase in variance levels near the island. which
ing in the northwestern Atlantic. occurred in monotonic profiles.) In addition to the 7

In view of the presently incomplete understanding general increase, three regions of maximum variance
of mixing. it is not possible to state the results in levels were found where the low-frequency eddies I
a brief, simple manner without first going into the forced alongshore currents. The patterns of the vari-
details of the observations. Since these details are ance levels were very similar for both wavelengths.
not of interest to many readers who, nevertheless. Elevated finestructure levels, or even step struc-
are concerned with the basic conclusions, we present tures. are not evidence per se that mixing. an irre-
in the next section a discussion of measurement versible process, is taking place. To the contrary.
and analysis methods that will provide sufficient Garrett and Munk (1975) have assumed that all of the
background for the summary and discussion of the finestructure to scales of 2 cpm in monotonic profiles
conclusions in the final section. is formed reversibly by internal wave strain. Inaddition, the laboratory work of Baker (1971) and2. Background Calman (1977) has shown that reversible step

a. Bermuda structures can be created under high-Richardson-
number conditions in a rotating salt-stratified tank:

The suggestion that the most intense small-scale their steps were dynamical features connected with

mixing occurs adjacent to solid boundaries of the a larger flux of momentum than of salt and dis-
ocean is an old one. However, more recently specific appeared much more rapidly when the forcing was
mechanisms have been proposed for this mixing: the removed than could be accounted for by diffusion.
breaking of internal waves on slopes (Wunsch, Since Wunsch reported a Richardson number of 23
1%9), buoyancy boundary layers (Wunsch. 1970). from current meters moored near the island. a ques-
and turbulent boundary layers over the sea floor tion arises whether the steplike structures he
driven by large-scale flows due to tides or eddies observed or the elevated finestructure levels reported
(Armi, 1978). All of these mechanisms are likely by HKS were formed reversibly or irreversibly.
near Bermuda, which is an isolated mountaini with In this paper, data obtained by simultaneous pro-
steep sides. files of the Microstructure Recorder (MSR) and the

The observational evidence of oceanic mixing Electromagnetic Velocity Profiler (EMVP) are used
has generally consisted of steplike finestructure that to assess the level of irreversible mixing activity
was presumed to have been formed by small-scale near Bermuda and to investigate its relationship
turbulent mixing that went to completion. A par- to the finestructure.
ticularly interesting example of the latter was the First, bulk averages of microstructure activity are
discovery of 30 to 50 m thick steps in the thermo- examined and compared with the patterns in the
cline close to Bermuda (Wunsch, 1970, 1972). In finestructure levels found by HKS and with those in
response to these findings, theoretical arguments by other locations. The Cox number, defined as
Hogg (1972) showed that a steady flow incident on
the island could produce large-scale, up to 500 m C ((VT') 2 )
thick, shear instabilities on the left side (looking (OTI8Z)y
downstream) and in the island wake.

The results of the large-scale survey work during is the primary statistic. The definition above uses
FAME have been reported by Hogg et al. (1978, the three components
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0 "T' T O" isotropy had been assumed. the levels were so low
; (VT')= ='\ ,-- f.- + F , Othat they implied weak turbulent fluxes. The micro-

structure measurements do not give reliable esti- H
where VT' VT - (VT in the numerator. Although mates of the vertical heat fluxes, but they do make
a thermistor mounted on the tip of one of the rotating a strong consistency test of supposed K. values:
m ing blades on the MSR is used to measure the turbulent fluxes cannot occur in a stratified profile
horizontal components of VT' it does not have ade- without producing microstructure signatures with
quate spatial resolution to obtain their variances, magnitudes equivalent to Eq. (1).
However. since to scales of 10 cm there is little In transiting the Sargisso Sea to make the

indication of isotrop, in the thermociine. we use observations near Bermuda. "c de :ided to " "1iLatC
C (tOT' aZ)2), (lOT &Z. :. The same practice Was a small amount of tirie to first look at microstruc-
follo\-ed with the MSR data taken in the Pacific. ture levels in the subtropical g ,re of the North

Second. in the regions with the largest Cox Atlantic. The man result is the comparison of the
numbers some unique features in the finestructure Cox numbers ;,btained %ith those from the Pacific.
- erc found. Probabilitl distributions of the gradi- As an unexpected benefit from the mid-gyre data.
ents. i.e.. AT,5. where AT is the temperature analysis of the MSR temperature microstructure
difference over an interval 8 = 0.8 m. are used to records revealed a strongly turbulent mixed laver.
characterize this finestructure and to compare it A request %as made to Ann Gargett that she analyze
with records from less active locations near Ber- the nearly simultaneous velocity microstructure pro-
muda and with the Pacific data. These distributions file taken with T. Osborn's profiler **Camel" for
Were chosen as measures of the degree to which the intercomparison of the spectra. These data are
profiles could be characterized as **well mixed.- compared with the Kolmogorov and Batchelor
Spectral slopes in the microstructure range are spectral forms and interpreted in light of larger
used to distinguish those well-mixed regias that scale measurements of the vertical and horizontal
appeared to have turbulent stirring from those in velocities in the mixed layer.
which the turbulence had decayed.

c. The Gulf Stream
b. The Sargasso Sea

Before the last decade the central regions of the it has been generally assumed that intense
currents such as the Gulf Stream and the Equatorial

dynmopicgyrs ihe meie thmoie hand elol Undercurrent are turbulent jets. and relatively high
simple dynamics in the mp. thermocline and below. values of vertical mixing have been used in the
The nearly exponentiai temperature profile was parameterization of these features in analytical and
modeled as a steadv-state balance between a pre- paa19iaino hs faue naayia nmodledas stadystae bhmc bewee a re-numerical models. Foi example. Orlanski and Cox

sumed uniform. s!ow. upward advection of deep n ueica model .o 5xape r and Cox
water and an enhanced downward transport of heat (1972)(quotedby Niiler. 975)usedK. -- m s -

due to small-scale turbulence (Munk. 1966). Inde- in a model of western bt undary currents. In view
pendent estimates of the upwelling velocity (-I cm of the strong stratificati, n associated with these

" currents such high leves of small-scale turbulence
day- ) yielded an intensity of the turbulent heat

fx e e tmust have signatures it the temperature microstruc-flux eqtivalen~t to an eddy coefficient K. = 10-  m s - t r fe uvletit niy

(0 c-" -' ture of equivalent intensity.
The assumptions made in this model of a "'dif- Observations in the Equatorial Undercurrents of

fusive'" thermocline are equivalent to those in the the Pacific (Greg. 1976b) and the Atlantic (Crawford
and Osborn. 1979: Osborn and Bilodeau. 1979) have

radient flux" approach in atmospheric boundary found regions of intense mixing in the high shear
layer work. where K. is inferred from ((VT')=). As
was pointed out by Osborn and Cox 01972). if these reio abe a eo the c mxi .

fulilld, henThe Cox numbers averaged over the 30 mn thick
assumptions are ffipatches were (3-4) x 10W (with no allowance for

(tV 7"): ) isotropy.) The MSR density profiles from the Pacific
Kz = k ) (I) showed intense overturning activity over scales of

I m in these patches. while intense velocity micro-

where k is the thermal diffusiv;ty. Thus Kz = 104 structure was reported in the measurements with
m2 s - corresponds to a Cox number of 710. Camel from the Atlantic. Both the patterns of the

Microstructure observations from the subtropical activity and the magnitudes of the Cox numbers

-yres in both the North and South Pacific found were in good agreement with the model proposed
average Cox numbers far lower than 710: three by Robinson (1966).
separate cruises to 28"N, 155"W had average Cox Using the lage-scale shear profiles obtained with
numbers of 2. 10 and 59. As stated above. ((8T'I8Z)2) EMVP to identify the Gulf Stream. we compare the

was used rather than ((VT')2). However. even if full Cox numbers with those in both the mid-gyre

-g - _
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regions and the Equatorial Undercurrent. In addi- velocity of the internal wave field (Desaubies and
tion. the signatures in the profiles are examined to Gregg. 1978). Use is made of this technique in
identify the processes producing the microstructure. estimating vertical velocities in the active mixed

layer found in the Sargasso Sea.

d Instrumentation and mehds Most of the MSR launches were coincident with :
EMVP drops. In some cases. the EMVP, with a

The instrumentation and analysis methods are descent/ascent rate of I m s-1. was launched after
similar to those used previously and described by MSR so that it overtook the MSR at an early part of
Gregg (1977b) and Sanford et al. (1978), except that its recording cycle. At other times, both vehicles
the performance of the MSR was substantially up- were released within several minutes of each other a
graded. so that MSR sampled water up to an hour after the

A 16-bit digital data system in the MSR provided velocity profiler had passed through.
a factor of 10 improvement in the dynamic range Since the pressure gages of the two instruments
of the temperature gradient data so that the high- were not calibrated with the same standard, temper-
frequency noise level in the high-pass microstructure ature proved to be the best reference for relating the

channels was only a factor of 2 above the Johnson two data records. We estimate that it was possible to
noise of the thermistors. These high-pass data match the profiles to ± 10 m by using the large-scale
were recorded at 50 Hz. The low-pass temperature features of the temperature structure, e.g.. the base
data were digitized at a 5 Hz rate with a least count of the mixed layer or the curvature of the main
of -0.3 mC. An additional temperature channel. thermocline. Closer alignment was not generally
also digitized at a 5 Hz rate. used a Wien bridge convincing due to displacement differences arising
oscillator with a thermistor in one of the reference from internal waves and possible lateral drift. Since
legs. The stability of this device (Pederson. 1969) the MSR was not acoustically tracked. precise
permitted the determii.ation of the mean tempera- estimates of drift are not available. However. the
ture gradients over scales of I m to an accuracy of separation of the various instruments on their return
± 1.2 x l0-44 C n- . This proved to be essential for to the surface was usually no more than a few
the description of the nearly homogenous regions hundred meters. and sometimes less than 10 m. 49
found in the thermocline. ;ince no 30-50 m thick layers were found near

Since the analysis of these data was completed. ..crmuda. the identification of finestructurc features
dynamic response calibrations have been completed common to the records from different instruments
on thermistors similar to those used on the high- had to be attempted over scales of 2-10 m in most

pass channels luring FAME. The double-pole form cases. Except for some prominent temperature in-
of the transfer function was verified but the time versions in the Gulf Stream. the matching of common
constants were found to be less than those used structures was not successful. due to differences in
previously. For the nose sensor. which had a speed the spatial resolution of the instruments and to the
of 0.08 m s-. the new calibrations give 7 = 20.9 ms apparently short horizontal scales of the fiiiestruc-
(compared to 35 ms used before). while 7 = 10.0 ms ture. Consequently. the comparison of shear and
was obtained for the wing-tip probe. which had a temperature microstructure was limited to bulk, as
speed of 0.60 m s-. Previously 7 = 22.0 ms had opposed to more event-oriented, statistics. This I
been used for the wing probe. The new time constants restriction is regrettable. but necessary. until simul-
will obviously result in lower Cox numbers. How- taneous velocity and microstructire measurements
ever. the changes are not large as can be seen by can be made from a single instrument. The com-
examining Fig. 7b in Gregg 1977b). which compared parison was lased on estimates of the Richardson
the effect of a much larger range of time constants number computed using the temperature. salinity
on the variances. Therefore. the Cox numbers have and velocity data from EMVP. To obtain values in
not been recomputed and the values are therefore the range of Ri = I to 10 with no more than 50.
directly comparable with the previous data. How- statistical uncertainty [refer to Gregg (1979) for
ever. in two cases in this paper arguments about details] a AZ of 50 m was chosen. The summary
the nature of the turbulence producing the micro- plots of the data from the Gulf Stream and thei istructure are based on spectral slopes. The new time Sargasso Sea include these Richardson numbers

constants were used in prepaing these figures. with the corresponding Cox numbers.
The MSR fell at r m s- t and preset depth

where the wings were deplo.ed and the descent 3 Bermuda
slowed to a mean rate of 0.08 m s-1 The recording a. Average levels
duration of 51 min spanned -250 m.

An improved pressur-t gage ised during FAME The locations of the 15 MSR records taken in the
permitted a study of fluctuations in the fall rate. environs of Bermuda are shown (Fig. i) superim-
which were found to be directly related to the vertical posed on the la.ge-scale flow field reported by HSK
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FIG. I. Locations of the MSR drops adjacent to Bermuda are shown by the numbers
superimposed on the large-,cale flo%, field obtained by HKS. The contours are the dynamic
height anomaly at 300db referenced to 1000db. The three open circles represent the mooring
locations: four MSR drops %%crc made near the mooring to the northeast of the island. HKS
identified three eddies or rings in the flow field.

(their Fig. 2). The velocity structure was interpreted ture decreases on the finescale. and hence the
as the effect of three mesoscale eddies. or rings, higher microstructure levels are not due to the
which were observed passing by the island. The activity usually associated with intrusions. The
locations of the microstructure drops were chosen lowest microstructure levels (C = 10 to 20) are
after a preliminary analysis at sea of the large-scale similar to values from the Pacific. but the highest
survey and ranged from within a few kilometers (C = 745) is greater than any found in the previous
of the shore to one of the offshore moorings (shown results, except in the Equatorial Undercurrent or
in the upper right of Fig. i). on intrusions.

Since the vertical extent of the MSR profiles was 1
twice as long as those taken in the Pacific. the b. Horizontal disiribution ofthe activity
average Cox numbers were computed over the upper The upper panel in Fig. 2 shows the contour map
and lower halves of the records in order to be of the finestructure variances produced by HKS
comparable to the previous results. The mean of the (their Fig. 8a). Comparison with Fig. I shows that
30 values is 117. which is high in relation to averages the three regions of elevated finestructure occur
of 2. 10 and 59 found during the three separate where the mesoscale flow impinges on the island.
two-week-long cruises in the mid-gyre (Gregg. forcing alongshore flow. The numbered circles on
1977b). However. since there appears to be little the map indicate the locations of MSR drops. In the
evidence for isotropy at the small scales, the average lower panel of Fig. 2 the Cox numbers of these drops
near Bermuda is low in relation to the value of are plotted over the appropriate pressure intervals.
C = 710 equivalent to Kz = 10- mI s It is seen that the records with the highest microstruc-
Few temperature inversioas were present in the ture levels (MSR 19. 32 and 33) occurred in the

Bermuda MSR data. and those were in the offshore places where HKS found the most intense finestruc-
profiles. MSR 26-29. Except for one inversion in ture activity, while the profiles south of the
MSR 33. the other records had monotonic tempera- island (MSR 22-24) had lower than average values.
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FIG. 2. Locations of the MISR drops in relation to the average finestructure intensity over
the nange 200-400 db obtained from CTD records by HKS. The measure for finestructurc
intensity is the contribution to the temperature gradient variance between scales of 0.2 to
1.0 m. The pressure intervals (given in units of MNPa.,here I IPa = 100 db) and average
Cox numbers for the upper and Iocr half of each MSR drop arc shown in the lower panel.
The most active microstructure records. MSR 19 and 32. were in regions of the most
intense finestructurc.

as did those near the mooring (MSR 26-29) except The significance of Fig. 2 is that the high Cox
for one that had several inversions. The relationship numbers occurred only in the regions with elevated
between the HKS finestructure levels and the Cox finestructure levels and not in other locations. Even
numbers is not fully consistent, however; note that though the microstructure sampling was quite limited
MSR 16 also occurred in an intense finestructure and at different times and locations from the CTD
region but had relatively low Cox numbers. Since profiles reported by HKS, the incidence of the high
the finestructure maps were taken at a different time Cox numbers in the regions with elevated finestruc-
from the microstructure observations, we believe ture implies that strong mixing may have produced
that this is due to the basic intermittence of the the finestructure. To be certain, a more detailed
processes producing the microstructure. examination of the profiles is required.

0_ _ _ _ _
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Fi|. 3a. Expanded plot of the parn of MSR 32 containing the slcplike struturcs
and the highest microstructure levels. From the middle tiace. it is apparent that over
tont of this section it is possible to make an u= i sp-,-ration bctv6ccn the
loa-gradint and hig h-grdicnt regions. and thus to uniquely define the step sucturcs.

C. Relationship bheteen hc micros$riuciire and the distinction between high and low gradients does not
finestructure change rapidly as the indicator level is varied about

the mean gradient. By contrast, for MSR 20 the
In addition to the relatively large values of some separation between high and low gradients changes

of the Cox numbers in the regions with high fine- much more rapidly as the indicator level is -aried.
structure levels, additional evidence for irreversible Thus there is not a clear distinction between high-
mixing comes from signatures in the profiles. Dis- and low-gradient regimes for a record such as MSR
tinct steplike regions are apparent in MSR 32 and 20. which is typical of the thermoclinc.
19. two active records from the rgions with elevated In Fig. 4 the mean gradients and Cox numbers are
finestructure. These features do not occur in any of shown for the stair-step regions in MSR 32 and
the other data. The contrast between these steplike 19. The intervals have been chosen to correspond
regions and the other records can be observed in the to regions with nearly uniform values of AT/=Z.
expanded-scale plots of Fig. 3- MSR 20 was a low- where AV is 0.8 m. The most prominent charac-
activity record slightly offshore from one of the teristic of these figures is the very low value of the
strong finestructure regions. In the case of the lower gradient in some of the well-mixed regions: some of
part of MSR 32 it is possible to make a reasonably the gradients are only 1% of the mean grdient and
objective separation of the profile into high- and low- correspond to the adiabatic lapse rate By contrast.
gradient sections. e.g.. by choosing the mean the high-gradient interfaces betA-en these layers are
gradient as an indicator level: in this case the only two to three times the average gradient. The

/ --

b

2

/=1 "- "

FiG. 3b. A sction from a low-Cox-number record MSR '0 for congwison aith Fig. 3a.
Although there is one u-wll-mixed region in the center of the record, the profile is
"irreguthrz siqv"" ith no unkqu means of distinguishing between high- and low-

gadint coSe
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FIG. 5a. Histogram of 0.8 m averages of AT/AZ for MSR 32. This staii-step record
is characterized by a much larger number of weakly stratified sections than is typical

of the main thermocline. The number of high gradient regions is also increased, leading
to a pronounced separation of the cumulative distribution and AT curves.

gradient sections, which is not surprising since such associated with distinct 0.5-1 m thick density in-
low values occur in the denominator of the Cox stabilities, while others appear to be stable over 4
number. In the well-mixed sections large Cox these scales, but have numerous temperature in-
numbers can be due to either active turbulence versions over scales of 0.1 m and less. Due to
throughout the layer or to gradient structures formed difficulties in measuring salinity at scales of a few
by eptrainment at the boundaries, in which case centimeters, it has not been possible to determine
only very weak turbulence need be present in the what fraction of these small temperature inversions
layer itself. Further evidence of active turbulence are also density inversions. However, several lines
is provided by the spectra dopes in the different of indirect evidence suggest that many of the
regions. patches are associated with active turbulence in

which the velocity microstructure has not completely

d. Spectral slopes decayed.
In a laboratory study of the wake of a turbulent

In stratified profiles turbulence will produce density grid that was dragged through a salt stratified tank,
inversions with scales as small as a few centimeters. Lange (1974) found that the spectral slopes of the
As discussed by Gregg (1977b) some of the ob- vertical salt gradients were +0.5 to + 1.0 while the
served patches of temperature microstructure are wake was growing; the accompanying optical ob-
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FIG. 5b. Histogram of 0.8 m averages of AT/AZ for MSR 20. This record

is similar to those in the main thermocline, e.g., Fig. 6. Note the much lower

frequency of occurrence of the lowest positive bin compared to that in Fig. 5a.
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The temperature gradient spectra from the Pacific I
Si 200-400M N PACIFIC thermocline show slopes from + I to -1 in the

z microstructure range; the positive slopes are associ-
I" ated with the patches having many centimeter-scale

M CUMULATIVE inversions. This is consistent with Batchelor's
80z .T (1959) viscous-convective subrange for passive
0 o8 scalars; the occurrence of this range is not depend-
Sent on high-Reynolds-number turbulence, but is

, ----UULATVE 0L possible with the weak turbulence that appears to~~1 ,IT° exist in the thermocline" Due to the uncertainty of o,

LL _j the thermistor response, discussed in more detail in
M Gregg (1977b), the scale at which these rising spectra

/, are cut offby diffusion had not been clearly defined.
SlGradient spectra from subsections of MSR 32 are

-02 0 02 04 06 06 12 shown in Fig. 7. In these plots comparison of data
SAT/AZ from the wing probe, which had an angle-of-attack

of 6' to the horizontal, provides a measure of the
FIG. 6. Histogram of 1.0 m averages of AT/AZ for an

ensemble of many records from the main thermocline of the isotropy of the small-scale temperature fluctuations.
Pacific. The distribution is highly skewed with a most probable A marked difference is apparent between the spectra
value at half of the mean gradient, which is shown by the arrow, of the two well-mixed regions B and D; the maximum
and a decaying tail toward higher gradients. Unlike MSR 32. of the former occurs at 5 cpm, while that of the latter
very weakly stratified regions are less likely than ones with half broad and nearly a decade higher on thethe mean gradient. i ut ra n eryadcd ihro h

wavenumber axis. The structures in region B are
well resolved in both wing and nose records and

servations also re !ed intense turbulence in the appear to be nearly isotropic. Since the spectrum
wake. As the wake llapsed, the spectral levels from section B is falling in the normal microstructure
at high wavenumbers decreased more rapidly than range while that of the deeper section D is rising with
those at lower wavenumber, causing the slopes to an approximately + I slope, we conclude that active
decrease. By three buoyancy periods the profile was mixing was occurring in the latter, but not in the
restratified, but stron~gly 'ayered, and by 16 periods former.
the spectral slopes were - 1. and the turbulence was Great differences are appaient in the microstruz-
completely decayed into a field of internal waves. ture records from the sirorgly stratified regions as

/ V 0 W-" -° ,' Io
/5000 D

5ji' k. \ 0 101 A

In I -, 10 -' 0 ,' ,10 ;0 I0

~~Ii8.0j DC 11", ~-
100 0 0

L CPM

FIG. 7. Average temperature gradient spectra for different sections in the steplike
region of MSR 32. Spectra of vertical profiles are shown by solid lines while those
from the corresponding wing records are given by dashed lines. Regions A, B and E
have falling spectra in the microstructure range. while C and D do not. The difference
between the two well-mixed regions (B and D) is particularly notable and implies
turbulent stirring in D but not in B.
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M well as the homogeneous layers. The upper strati- (ii) The step structures were formed reversibly
fled zone A has low normalized spectral levels and by high-mode internal wave activity near the island.
a falling spectrum with a Cox number of 20. There is Shear instabilities occurring in only a small part of
thus no evidence for active mixing. By comparison the internal wave field produced the observed
the high-gradient region C has a Cox number of microstructure.
1000, numerous small-scale temperature inversions, In view of the nearly adiabatic gradients and sharp
and a prominent spectral maximum in the micro- boundaries of many -f the sections of Fig. 4,
structure wavenumber range. This 4 m thick inter- alternative (ii) seems quite unlikely. For example,
face appears to be actively mixing. The possibility we consider a nearly homogenous region formed
that some of the fluid from this apparent overturning reversibly from an initially linear profile. If A is the
zone may have been carried upward could account equilibrium separation of the isotherms bounding the

for the high Cox numbers but nonturbulent spectra region, and 8 their instantaneous separation. then
in B. the instantaneous gradient will be dT/dZ = (A8)

x (dT/dZ), where (dTMZ) is the initial linear
gradient. For some of the sections in MSR 32, the

e. Discussion required strain, (5 - A)/A, is as high as 30-80. Such
high values seem quite unlikely.

From moored observations of temperature and From the high Cox numbers and spectral slopes
current made on the Bermuda slope. Ericksen1978four nd isae s o f low Bericdasone, numbes we conclude that active mixing was occurring in the
(1978) found instances of low Richardson numbers high-finestructure regions near thL island and that
and of internal wave breaking. The occurrence of the elevated finestructure levels were not just
these events, which Ericksen took to be Kelvin- remnants of previous mixing, nor were they due
Helmholtz instabilities over O(I) meter vertical solely to internal wave strain. However, sustained
scales, was equally likely at all frequencies in the mixing prior to the microstructure observations
internal wave band. This picture of mixing events must have occurred to produce the nearly adiabatic
randomly distributed in space and time is consistent regions.
with microstructure observations in the main ther-
mocline of the open ocean and in the lower activity
regions around Bermuda. However, when the entire 4. Microstructure in the Sargasso Sea

++=- t perimeter of the island was surveyed by HKS, Ai
localized regions of elevated finestructure levels occupied on the way to Bermuda from Woods Hole
interaction and again for one day on the return leg. During

the second set of observations the surface water wasSeveral mechanisms, for example, lee wave pro- found to be moving to the southeast at a speed of
duction over bottom topography, with subsequent -0.5 m s- with respect to the deeper water. As seen
breaking, and bottom-generated turbulence, were in Fig. 8. this produced a shear of -0.007 s - 1 from
considered by HKS to be possible sources of the
enhanced temperature finestructure. However, the shallower than 100 m to 225 m, a value comparable

enhacedtemeraurefinstrctue. oweertheto Lflat of the Gulf Stream. Due to the limitedlack of a corresponding signal in the shear profiles obsration ise an tme the oce poobservations in space and time, the process pro-
led them to conclude that most of the finestructurc ducing the shear could not be determined, but the
wmrfact that it showed little variation during the observa-
observations.

The microstructure observations discussed above tions suggests that it may have been due to a

offer direct evidence that active vertical mixing was mesoscale eddy.
occurring in the regions of high finestructurelevels. However, the mixing was quite localized, and a. The mixed layer
occurred over the relatively small part of thosei Conditions within the mixed layer, presented in
sections where steplike profiles were encountered.

Possbleexpanatonsforthi areas ollws: Fig. 9. were markedly different when the data fromPossible explanations for this are as follows: tescn e fmaueet 9Nvme)+
the second set of measurements (9 November)

(i) The step structures were formed irreversibly are compared with the first (10 October).
by overturning activity. This activity could have On the large scale the transition at the base of the
been occurring intermittently throughout the step- MSR 37 mixed layer (second set of observations)
like region and was active at the time of the observa- is thin and sharp, while that of MSR 10 is much 3M
tion at only a few sites. Or it could have been thicker and more diffuse. In a series of mixed-layer
sustained over more restricted depth intervals for observations in the Pacific, Gregg (1976a) found that
a limited time and then ceased. In the latter case a similar contrast in transition regions occurred
only the bottom sections of Figs. 4a and 9 were between times of active mixing and quiesence. In
still mixing when the observation was made. that case these times were well correlated with

U -
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FIG. 8. Summary plots of the MSR drops in the Sargasso Sea are given in the first four columns. The last column shows shear
obtained from a typical EMVP drop at that site while the fifth column shows Ri obtained from EMVP drops that were simultaneous
with MSR. A strong shear zone, with a mean shear of 0.007 s-'. spanned most of the seasonal thermocline and extended into the
lower part of the mixed layer. The shear was not sufficient to cause significant mixing in the seasonal thermocline, but based on the
relatively high rms gradients in the mixed layers it may have caused the observed mixing across the base of the layer. Most of the
mixing activity in the 18'C water (MSR 36) and below the main thermocline occurred in a few events, while that in the main thermo-
cline (MSR 35) occurred over a larger fraction of the record. There was no consistent correlation between the Cox and Richardson
numbers averaged over 50 m.

meteorological conditions, while the situation for the firm the larger scale evidence for strong stirring in 4
present data is much less clear, as will be discussed MSR 37 but not in MSR 10.
subsequently. The large-scale shear is also quite The observations from the Pacific had spectra
different; there is a high shear across the thin step- similar to those expected for fully developed tur-
like transition of MSR 37 but not of MSR 10. bulence during a mild storm when the Monin-

Evidence that the MSR 37 surface layer was being Obukhov length LI, exceeded the depth of the mixed
strongly stirred comes from the large fluctuations layer, indicating that forced or free convection
in vertical velocity, AW = 0.066 m s-. Since these should be present throughout the layer. The data
measurements were made from a slowly descending recorded in the Knorr log are not suitable for esti-
body, their structure is smeared between spatial and mating LB, although it is clear from the wind records
temporal sampling. However, the similarity between that mechanical turbulence could not have extended
the magnitude of these fluctuations and those of very far into the mixed layer during the second set
horizontal velocity (AU - 0.05 m s- I) is consistent of observations. Convection, however, was possible;
with the existence of cellular convection within the the air temperatures during the November profiles
layer. The fluctuations ofvertical velocity in MSR 10 were in the range 21-22'C, while the bucket
were much lower by comparison, temperatures were -23°C and the underlying

The levels of temperature microstructure are surface layer 24.8'C. Thus, the Rayleigh number
much higher throughout the MSR 37 layer with a greatly exceeded the critical value, indicating that
strong increase in the bottom 15 m. No correspond- convection should have been occurring. .

ing increase is apparent in the MSR 10 data. Spectra Additional support for the occurrence of convec- -

of the temperature records show similar differences; tion comes from a comparison of CTD profiles made _

that of MSR 37 shows good agreement with the during both periods of observation. In the intervening
universal form", while that for MSR 10does not. In 19 days, the mixed layer deepened -21 m, cooled

addition, comparison of the MSR 37 wing and nose from 25.6 to 24.8°C and increased in salinity from
spectra (Fig. 10) shows isotropy for k > 0.2 cpm, 36.333 to 36.356%. If the deepening had been _t
while this is only true for k > 2 cpm in MSR 10. driven solely by mechanical mixing, the layer should
Thus, all of the microstructure measurements con- have cooled 0.1C and increased in salinity by

......4.
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12 ppm. Thus the change in salinity agrees well with a rate of diffusive smoothing of "ie temperature

that expected for the observed deepening but the gradients X of 5.42 x 10. °C2 s-'. In both cases,
cooling was much greater than that due to mechan- full isotropy was assumed based on Fig. 10.

ical driving. Using these values for E and X a more detailed
Within 20 min after MSR 37 was launched, a comparison with the "universal" forms for the I

profile was begun with Camel. Comparison of the temperature spectrum can be made. fhe solid line
Camel spectrum (kindly supplied by Ann Gargett) under the temperature spectrum in Fig. 11 with the
with the MSR temperature spectrum (Fig. 11) shows -5/3 slope was plotted from the form for the con-
that both exhibit general agreement with the forms vective subrange (corresponding to the inertial sub-
expected for a strongly turbulent flow. To our range in velocity) given by
knowledge, this is the first demonstration of these 07k) = 6XE-k 13, (2)

forms from simultaneous, or nearly so, observations
from separate bodies. Integration of these spectra with the value f3, = 0.31 determined by Grant
yields a rate of turbulent energy dissipation E of et al. (1968). [Note that the levels must be corrected
(1.4-1.5) x 10- 7 W kg - 1 (Gargett et al., 1979) and for spectral units of °C2 cpm - 1 rather than the
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FiG. 9. Details of the mixed layers during the first (MSR 10) and the second (MSR 37) occupations of the site
in the Sargasso Sea. The abrupt termination of the mixed layer in MSR 37 is consistent with active turbulence

within the layer while the more diffuse transition in MSR 10 implies the absence of vigorous turbulence.
In both cases the shear levels increased near the base of the mixed layer: however, those in MSR 37 had a
maximum across the transition while those in MSR 10 reached a maximum in the stratified region below the _3

mixed layer. MSR 37 also had large changes in the vertical water velocities, ±0.04 m s-'. inferred from changes I1
in the MSR fall rate. Those for MSR 10 were about ±0.005 m s-'. The other traces are, from the left. themicrostructure temperature gradients over scales < 0.01 m, the mean T Grad averaged over 0.8 m, and the rms T
Grad over the same interval. Note that the rms T Grad for MSR 37 begins increasing above the base of the mixed
layer, implying mixing across the transition region.
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cFO
4  Elliott and Oakey (1976) also found that the roll-off

portion of temperature spectra from the data in thej !.thermocline did not follow (3) but had a less rapid
17 .MSR 37 decrease with increasing k. By obtaining a similar

NOSE result in a fluid that was homogenous in the mean
and had other evidence for turbulent stirring, it

(*c/M) -6  appears that the differences between the observations
NOSE and (2) are not solely an effect of stratification. It

, ,-follows that attempts to infer E from the high wave-
7 L'- number shape of temperature spectra are open to

0 E -7 ", WING serious question.

i ,i b. Below the mixed layer

1O-2 1O-I 0 2O 1 0 2 As can be seen in Fig. 10, the Cox numbers

CPM averaged over 50 m thick sections vary from 4 to
FIt. 10. Average temperature gradient spectra from wing and 400 because of the highly intermittent character of

nose probes in the mixed layers of MSR 10 and 37. The MSR 37 the microstructure. As discussed in more detail in
data are consistent with isotropy from 0.3 to 30 cpm. while Gregg (1977b). the presence of one strong patch
structures in the MSR 10 data are not isotropic for A < 2 cpm.
Confidence limits for the spectral estimates are similar to those often determines the Cox number for the section.
shown in Fig. II. For example, note in Fig. 8 the two strong events

in the upper sections of MSR 34 and 36 and the
resulting large Cox numbers. The records are far

°C2 rad- ' cm- ' used by Grant et al. (1968).] The too few to warrant any conclusions about average
agreement is excellent.

The solid curve at higher wavenumbers is the best
overall fit of the Batchelor model spectrum to the 10 =
observations using the same methods as Grant et al. -o s

(1968). This model spectrum is given byk=r- - --/3
I(X \--5/3 ,

~bi~k) =.I-2VIrk(itdL
4 EuI4

x "f dx (3 -BATCHELOR 4
with" I"X SPECTRUM I

(2q)k 7 sX 2q '  k  i E114 V-114kT_.,r- , "

. - k =

(Fq(X) =(_2 " exp(- 2 ").. ->

i (47 is the thermal diffusivity and I' the kinematic C28
X 0~viscosity.) D _j

The scaling constant q was evaluated as 3.9 t 1.5 >W
by Grant et al. Using the value of the parameter x
obtained by our "best fit- curve gives q = 57. a
value in serious disagreement with the above value.
On the other hand. if q = 3.9 is used with the - .

measured values of E and X to evaluate (3). only a
small part of the measured spectrum is fitted.

We interpret the above disagreement of the scaling 10 100 3 0
constants of the Batchelor spectrum to be further CPM
evidence that (3) is only an approximate form that FIG. 11. Comparison of MSR temperature sr'ectrum in the

is exactly fullled in the roll-off" wvenumber MSR 37 mied layer with a velocity spectrum from a nearlyis3mie witht fromd nte rl-of avnme
l simultaneous Camel profile. Both are generally consistent withrange only under limited conditions ,. at all. The the forms expected for fuly developed. homogeneous turbulence.verification of the Batchelor spectrum (Gibson and (it should be noted that the velocity spectrum is of the com-

Schwarz, 1962: Grant et al. 1968) was based only on ponent transverse to the motion of the profiler.) The solid -53
fits over the k-  range: higher wavenumbers were line for the temperature spectrum was plotted from the observed
limited either by noise or spatial attenuation of the values of, and X with th2- scaling constant determined by Grant

el al. (1968). The curve for the Batchelor spectrum is a visualprobes. This would be equivalent to corsidering only best fit. it is apparent that no shifting of the curve can give
k < 10 cpm in Fig. 11. agreement with the data throughout the full wavenumber range.
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FIG. 12. Summary plot of MSR 36 compared with 10 m shear values from a simultaneous EMVP drop. The two most active
mixing regions are in high shear zones. Note the two well-mixed regions.

levels, but the range of values is consistent with EMVP records, were made through the Stream's
that found during the most active of three cruises to core.
the central North Pacific. A summary plot of MSR 38 is given in Fig. 13.

Although some of the larger Cox numbers appear while the other two records are combined in Fig. 14.
to occur with the lower Ri estimates, there is no EMVP 326 was simultaneous with MSR 39 but on
significant correlation between the two. As an ex- the scale shown in the summary figure the velocity
ample, note the very low Ri value at the bottom of structure had no significant changes between the two
MSR 36 and the equally low Cox number. Although drops. Annotations on Fig. 14 denote particular
statistically significant estimates of Ri could not be signatures in the finestructure and microstructure.
made to scales < 50 m (Gregg, 1979). shear values
could be obtained to 10 m. Fig. 12 shows the shear a. Thermohaline intrusions and double diffusion
values for the record in the 18'C water. It is seen
that the two large contributions to the temperature The most striking feature of the observations in
gradient variance occur near 365 and 530 m. and are the Stream was the ubiquitous presence of salt-
in regions with higher than average shear. stabilized temperature inversions. A comparison of

The two subsurface well-mixed regions in MSR 36 several CTD profiles made in a nearly north-south
are very close to being adiabatic. Although similar line shows that these represent intrusions formed
regions had been occasionally noted in the Pacific by interleaving across the Stream. (Inversions with
data, the stability of the temperature circuit used increases as large as 5°C were found in the CTD
at that time was not sufficient to accurately deter- casts.) Toward the northern edge, there was a thick

. mine their mean gradients. In view of the relatively zone in the upper 100 m with multiple, sharp
low mixing efficiency in stratified fluids (Thorpe, inversions having scales as small as 2 m (note the
1973). the existence of these subsurface layers upper part of Fig. 13). To the south where the
implies that sustained mixing events have occurred. intrusions occurred at greater depths (Fig. 14) in the
Isolated Kelvin-Helmholtz instabilities studied in cote of the Stream, the inversions were more
the laboratory by Thorpe (1973) and Koop (1976) isolated, thicker, and had more diffuse boundaries.
do not produce such complete mixing. Several of the inversions show the same patterns

of microstructure activity as found in less energetic

5. Temperature microstructure in the Gulf Stream locations such as the C 'ifornia Current. The in-
version in Fig. 15 shows all of the features dis-

Three MSR drops were made at shallow depths in cussed in deta:; by Gregg (1975). There is a 2 m
the vicinity of 38°N, 69°W. MSR 38 was obtained thick nearly isothermal section above the inversiontoward the northern edge of the Gulf Stream, while with three distinct temperature steps below. An t=
two others, MSR 39 and 40. both simultaneous with equally large contribution to the rms temperature

MW
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gradient occurs on the lower boundary of the over SCIMP when MSR was launched. Since MSR
intrusion. From a comparison of the temperature was not tracked, the subsequent lateral separation is
and salinity records through similar features, Gregg not known; however, with a mean shear of 0.018 s- 1,
and Cox (1972) identified the steps on the upper the separation when both instruments passed
boundaries of the intrusions as the diffusive case through the inversion in Fig. 15 should have been
described by Turner (1968). Although the increased less than 100 m. A comparison of the Gross Temper-
activity on the lower boundary is in a region where ature Record from MSR and the Brown CTD on
salt fingering is possible, there are no steps or other SCIMP in Fig. 17 shows that both instruments
features to uniquely identify the process as double passed through essentially the same inversions,
diffusive. However, Gregg (1968) and Linden (1971) although they were distorted by the internal wave
showed that although mechanical turbulence easily field, and there is a difference in the absolute
destroys the regularitv of the fingers, the enhanced temperature calibrations of the instruments. The
diffusive fluxes continue until very high levels of intrusion at 100 m is half as thick in the SCIMP
turbulence are present. Thus. it is likely that the profile as in the MSR data. Although this may be __

structures on the lower boundary of the inversion are due to lateral variations, it could also be due to j
produced by a combination of shear-generated deformation by the intense internal wave field
turbulence and salt fingering. (Desaubies and Gregg, 1978). The difficulty in

At greater depths. another profile (Fig. 16) did comparing finescale features below the inversions
reveal a prominent sequence of nearly adiabatic is readily apparent. _

layers beneath a temperature inversion. This is the The steps on the upper boundary of the inversion -
first clear sequence of such a series of distinct in the MSR record are clearly not present in the I
layers obtained from the many MSR drops through SCIMP data. Although this absence could be due
similar inversions, and is additional evidence for to lateral variability in the intrusion, no steps were
the presence of salt fingering on the undersides of observed by SCIMP on any of the other intrusions.
inversions. We have no explanation for the presence A comparison of temperature gradient spectra from I
of the steps under this intrusion but not beneath matching sections of MSR and SCIMP records
the others. showed attenuation of the SCIMP data at scales

A comparison of the MSR profiles with those of - I m (P. Hendricks, personal communication). Since I
Williams' Self-Imaging-Micro-Profiler (SCIMP) both instruments had similar descent rates, the com-
illustrated the previously mentioned difficulty of parison of their spectra is a good indication of their -
comparing data from different profilers. With the aid relative dynamic response as a function of frequency.of acoustic tracking, the ship was positioned directly The SCIMP data were obtained with a microstruc-
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[lE " G/METER [EG/METER 0/0 VARIANCE+- ' [E( ES5 C-

., th.E C- 2- " -0.80J 1.00 0.00 6-90 0-00 1.00 a

+7

1 M

JT/dZ z7.1 X 10-4

AZ:6m

Fio. 13. A shallow MSR record taken toward the northern edge of the Gulf Strcam shows that most of the microstructure activity
is associated with temperature inversions. The accompanying CTD observations show that the inversions are of advective origin.
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FiG. l4a. Summary plots of two MSR records taken in the middle of the Gulf Stream with
the velocity profile from an EMVP record. The double diffusivity steps are on thc upper
boundaries of salt-stabilized temperature inversions. Some of the step stnuctures in monotonic

regions may be due to salt fingering.

ture version of the N. Brown CTD. Although the wire probe. it appears that the complete system
CTD uses a glass-rod thermistor, which is like that response is much slower.
on NISR, as a dynamic correction to the platinum Movies made with the optical system on SCIMP.

"'.0 S 94L

E326.327___

rC

-40-0

Fir,14b Co an Rihardon umbrs omptedover 50 m scales from simultaneous drops in the

GulftStream. It is seen that many of the higherCox numbersare associated with thediffusive steps on thetemperature inversions. There is no consistent relationship between the Cox and Richardson numbers.
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~~rs c. A-

Fir. 1. Dtai ofthe upper temperature inversion from Fig. 14 %hos~ing the same
pattern of microstructure activity as found on inversion% in regions suilh low mean shear
such a- the California currenit. As seen on the plot on the far right, the mean shear across
the feature was 0.01 s-:

however, did show horizontally banded structures Finally, the highest levels of ((OT'a/F)' in
on the temperature inversion with thicknesses Fig. 14 ocre nteudrieo eprtr
similar to those of the steps in the MSR temperature inversion situated at the base of the mixed layer-
record (A. J. Williams, 111. personal communication)- There the temperature profile decreases smoothly
Much fainter, irregular structures were observed on through this region (Fig. 18) indicating the absence

-- the underside of the inversion where the rms of any overturning with scales ;!- 0. 1 m. The SCIMP
temperature gradient showed a large increase. These shadowgraph films showed a banded structure in-
structures have previously been interpreted as the dicative of tilted salt fingers. From the E%1VP data
product of a combination of shear-generated tur- the mean shear in this region was 10- s-1..The slow
bulence and salt fingering. vertical mot-on of salt fingers would produce a_

ILE
I. I. to

a?.th. I

F I A

Fir- 16. Sequence of %ellmixed reions below a temperature msersion in the Gulf Stream. Their location
beneath the inversion suggests that these mnay be formed by %alt-fingering.j
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Fir.. 17. Nearly simultaneous prof Ics obtained by SCIMP and MSR in the Gulf Stream.
The Brown Microprofiler CTD on SCIMP did not show the sharp steps on the upper
boundary of this intrusion, nor any of the other intru-jons %% here they appeared in the MSR
data. A comparison of temperature spectra indical:s that this is due to smoothing by the
CTD. Shadowgraph movies on SCIMP did show distinctisc structures on the boundaries
of the intrusion.

significant tilt in such a shear and hence appear as features discussed ab-,ve. The two 50 in thick regions
a strong signal in a vertical profile allowing a descenti that have monotonic temperature profiles without
ascent rate of I mm s' and a 0.2 in thick fingering step structures have C = 60. values that are typical
region gives a mean inclination of G0 to the vertical- of mid-gyre thermoclines.
Thus. a strong rms gradient signal should appear Due to the small number of profiles and the inter-
in a vertical profile through a fingering region. mittent nature of turbulent mixing it is possible that

such activity frequently occurs in the Gulf Stream
b. Monotonic sectins and turbilence but was missed by these observations. However.

just tht. existence of 50 in thick regions -with Cox
Some dissipative structures are found in regions numbers of 40-60 in the high-shear zone of the

where the temperatuic decreases monotonically in current is in striking contrast to Cox nmbers 100 za
the finescale range. with no apparent influence of times greater found during observations in the
intrusions. The most prominent of these (Fig. 19) Equatorial Undercurrents of the Pacific and the
c.,ntains a sequence of stair-steps. the bottom two of Atlantic.
which are very well mixed. This record was not Evidence that the low microstructure levels are
simultaneous with a SCIMP profile and there is no not completely misleading comes from comparison
firm basis for distinguishing between turbulence and with a previous set of microstructure observations in
salt fingering. From Fig. 14b it is noted that the the Gulf Stream made along a north-south track at
mean Richardson number is about 2 across the region. 63*W by Oakey and Elliott (1977) in the fall of 1972
so mechanical mixing due to shear instabilities over and the spring of 1974. Their casts, spaced -20'
scales less than -' in is a possibility, apart in latitude, were averaged over 100 in thick

From Fig. 14b it is also seen that the 50 m sections to examine the change in the bulk statistics
avcrage Cox numbers range from 36 to 600. All of of microstructure and finestructure across the
-he highervalues includcone ormoreof the intrusive Stream. Relatively constant levels (normalized by

+ +G l - 5 -- .- r +++-+ - c_ "+,+ '
"  

.. % :+:

m.. . . . . . . . . . . .

-II-

Fic.. 1. Section from the Gulf Stream sith the strongest micrastruzturc. The SCIMP
obscvalions sIhoi banded sircturcs on the same feature that suggM salt finges. ii
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Fir. 19. T,*o sections that appear to be actively mining lie above two thinner, nearly adiabatic regions.
The evidence is not sufficient to distinguish mechanical mixing from salt fingering.

the mean gradients) were established over a wide ocean. as well as for the characterization of small-
range of depths and positions within water masses scale mixing. These two aspects are considered
on the T-S diagram. The Cox numbers in the separately in the following summary and discussion.
Stream. which they !ocatcd from the i*,otherm slope.
ranged from 20 to 520. Higher values were found in a. Large-scale implications
the slope water to the north. From the relatively- ~~~~~~constant ratio between the microstrelur and fine- i}Atetuuenmiig, socrngdig

consantrato btwen th mirosrucureand FAME in localized regions immediately adjacent tostructure levels, they suggested that the dissipation thE in oaBed eios tructre mase-
of internal waves at finestructure features wa.s a pos- the island or Bermuda. The microstructure measure-
sible mechanism for generating the microstructure. isents. at least in this instance, verified that the

Although they did not examine the signatures in elevated finestructure levels found by HKS were in

the profiles, from our observations we believe it fact indications of active mixing and not just the
likely that much of the activity they observed in products of previous mixing or intense internal wave
both the Stream and the slope water was associated strain. The mechanism producing this mixing could
with double-diffusive activity on intrusions. not be determined but HKS made a plausible

In view of the comparison .that can now be made demonstration that it was related to the flow field
between the Gulf Stream and many other locations. of three mesoscale eddies, or rings. impinging on

we conclude that the parameterization of vertical t. kia.,,
turbulent transport in the Stream with eddy cocffi- Aiihouh ite levels of mixing activity adjacent to
cient values similar to those used in raodels of the Bermuda varied from 3 to 100 times those found in
Equatorial Undercurrent. e.g.. 10- m-s - . is not the th,rmocline. the areas involved were quite
appropriate. If the double-diffusive contribution is limited. If the levels and extent of strong mixing

found in these observations are typical of island- -
removed and the remaining microstructure attributed idcdefcs hn nve ftelmtdvlm
to shear instabilities, then the regions with Cox induced effects. then. in view of the limited volume
numbers of 40 would give Kz < 5 x I0 ' ' m -  of1aternearislandscomparedtothatinthcthermo-
and possibly lower than I x 10: m: s if some of cline, one must conclude that island-induced mixing
the microstructure in monotonic regions is also due is of minor importance on a global basis.thiros t u fig in o 2) A very limited data set from the upper kilometer

of the Sargasso Sea did not reveal any surprises
6y and discussion when compared to more extensive observations in

- dthe subtropical gyrc of the Pacific: the microstructure

The interpretation of these observations has some levels were significantly below those consistent with
implications for the large-scale dynamics of the Kz 10- ' m2 s-'. °-N
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The Atlantic microstructure levels were equivalent steplike profiles. histograms of the gradients over
to those found during the more active of the three scales of I m were markedly different from those in
cruises to the Pacific site. Although both locations profiles from less active regions near Bermuda or
were in subtropical gyres. the more western location the open ocean. Since the strain required to form
of the Sargasso Sea site is in a region of higher these structures from a smooth profile by internal
energy in the eddy field than would be expected at wave deformation is unreasonably high. the nearly
the Pacific site. Much more extensive observations homogenous regions must have been produced by
at both sites are required to determine whether mixing. Some of the interfaces between the well-
a significant difference exists in the long-term- mixed layers showed intense centimetmr-scale in- _4
average Cox numbers. versions that suggest overturning activity. In these

3) After the identifiable signatures due to double sections. and in some of the well-mixed layers.4
diffusive activity on thermocline intrusions were spectra of the temperature gradients showed exten-

1 removed, the remaining microstructure levels in the sive wavenumber bands with slopes of nearly + I in _high-shear core of the Gulf Stream are much less the microstructure range. which are typical of -

than those consistent with the levels of small-scale active mixing.
turbulence assumed, i.e.. K, =0 m1 s-1. in These data show a more direct relationship be-
models of the Stream. Our observations suggest tween finestructurc and microstructure than has
levels of KzT < 5 x 10-7 m2 s'. and possibly lower been observed in previous data. When the micro-
than I x 10-" m" s' due to small-scale turbulence, structure levels from monotonic profiles were
Since vertical heat fluxes have been found to result compared with those with thermohaline intrusions.
from thermohaline intrusions (Turner. 1978: Gregg Gregg (1975) found that using the finestructure vai-
and McKenzie. 1979) it appears that this mechanism ance (defined as the integral of the gradient spectrum
and not small-scale turbulence is the major agent from 0.0 to I cpm) provided a much better

--for vertical, as well as lateral, heat and salt fluxes normalization of the data than did the Cox number.
in the Gulf Stream. However. when only monotonic prof.les from the

The low levels of turbulent activi'v in the Gulf same site were compared, the microstructure levels
Stream. which were comparable t- those in the over 125 m thick sections varied by a factor of 100
Sargasso Sea. are particularly notable when com- (Gregg. 1977) while in the same sections there was
pared to the 30 m thick patches in the Equatorial no statistically significant variation in the finestruc-
Undercurrent. Althoughl the region of major activity ture level (Gregg. 1977a). The difference between
in the Pacific Undercurrent was diffusively stable, the open ocean observations in the Pacific and the
the Cox numbers were up to 100 times larger than Bermuda results is that the mixing near the island
those in the sections of the Stucam that did not wvas sufficicn:ly sustained and produced regi'ons in
contain intrusions. This situation agrees with the which the profile became fully mixed. Sequences of
dynamical constraints on the two jets (P. Niiler. such well-mixed regions have not been found in the
personal communication): a large turbulent vertical mid-g)T, thermocline. "' plving that the mixing in
viscosity is necessary on the equator since the these resbns is not as sustained.
horizontal pressure gradient cannot be balanced by 2) Isolated mixed layers up to 10 m thick having
a lateral Corioles force. The Gulf Stream does not mean gradients as low as 10' C m-' were found
have this constraint, in the main thermocline of the Sargasso Sea as

4) A 135 m deep. turbulent mixed layer was found well as near Bermuda and in the Gulf Stream. Similar
in the Sargasso Sea during a period with very low structures may have been present in the Pacific data
winds. Although auxiliary measurements. e.g.. but were not detected due to a less sensitive.
large-scale vertical and horizontal velocity and and less stable, temperature circuit. In view of the
small-scale isotropy. were made the origin of the low efficiency of mixing in stratified fluids. the
turbulence could not be determined: both free existence of these layers implies that sustained
convection and the high mean shear within and turbulent mixing events have occurred. or the exist-

-- across the base of the layer were possible driving ence of an isolated laver formed by salt fingering.
+--- + forces."forces. 3) F-illowing verification of the Kolmogorov

b. Characterization ofsmall-scalr miring presses spectrum using measurements by a towed body in
a turbulent tidal channel by Grant et al. t1962) there

1) Tie intense microstructure near Bermuda was was optimism that the "'universa" form would be
embedded in distinct steplike profiles. In these see- commonly found in the upper ocean. hn the
tions. unlike the situation in less energetic regions measurements were extended to the ocean. Stewart
where the profile has very irregular gradient struc- and Grant (1962) found difficulties due to vibrations
tures, it was possible to make a clear distinction of the towed body when operated under surface
between nearly adiabatic mixed regions and the waves and to the much lower * levels. Based on
interfaces between them. As one evidence of the the tidal channel results, they proposed a procedure

_I
+ +-
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to obtain an upper limit to eby --obtaining any people. The extraordinary efforts of Mr. Art Pederson
measure of the spectral level at ant w-avenumbcf if in the re-design and operation of MSR were crucial.
it could be a-sbmed that the --universal'* spectral Mecssrs ILe Olson and Eric Aagaard made valuable
form was-- actually present In the data. The Grant contributions in the mechanical design of the vehicle
ci al. (198) evaluation of the scaln constants 13. and probecs. arnd Ms. Gave Anthony has performe
and q -%tas based on fitting the uni'ersal- forms to the data anali sis %%ith skill and dedication. r- Bob
thie data ito, obtain e and %- Hoxieer. in these case-, Drewer %%as responsible for the operation of EMVP
there acre cetnsiie bi, natenumber regions that %% ith essential support from Messrs- Ed. Denton and
did match the universal- forms- Art Bartlett. Mr. John Dunlap has performed the

The difficulty with this approach is that there has EMVP data arnalvsis.

notas ct eenesnii'ed n~ ndcstadinofihat In this anal-sis. -.ie hate benefited from discus
.ond-itions are sufficient for the uniea form. -Yar- sbons ant data extlr-nees- with Drs-. Nelson Hoegg.

..;Cularlt. i the roil-off portion of the hieb. avenum- Ann Garwen and Sand' Illas
n itc !hr Ira-o r eiim

u hen a- portot of a spsctarum exhibits fit that is Research. Code 481. -under Contract N0001- 7--
4 cod cnouel- In viev. of the evisdenze accumidiated C00502 to APL UW and N0tJOI4-79-C-00?il NR

=over the last decade that shows discrecie with the M53-004 ito Wffl
various universal forms i-Nasniyth. 1970: Gresrg ci
a.- 19773: Elliott and Oakev. 1976: Gr-"= l9-Tj.RFEENE

-- -further application of the Stewart and Grant 1962i
approach to obtaining t and -tb. fitning oaliie A--v L-- 1V7- Noo =cm fo xaan r

portion of a spectrum seems to be un%%arranted and '~ ... nR- 3 4it~
unnecessary since these parameters% can be obtained dul Jc iz-j9 r e-mn pforz -t a rotaflac 'traa
by direct ;ntterntion of the spectra- 171 toy- io-i.

The niixed-layer spctra reported hewe shoiwed a P-'-heor- G. K.. *I#-'- S= B-a %um&' of vccce
much closer fit to the universal spectral forms than uqnS11aei atL trcraV-zre mn tmrWn flusid. "an I. GKenda
thosec from the thermoclinec or from sonic of the '-U-ion -- tb, case. ofI jjU toiFtni.iflr

othr mxedlayr oseratins.Although the scaling ... mlacncz hhRz'dtazbr
of the tempverature spectrum in the -55' iar~ge nstt-Sik 4f a rtai- ain c slici er . Dye l. Ain't.
sihowed excellent agreemntn with the val;ue riven by kr.1,~271
Gr-ant c! al. 1196i8' tha in the 'wiscous-conveetive Cnn-fvrd. W- t- =! T. R. Od'oea. 19;9- MSwr nuutwe

range d-d not- even thoudih te supporting measure- rmc Re-s.mz in -e'

tksaat*'. Y ~J= It. ad. C- Qzte. 3475Olcni,
st~rrine- of the mixed laser. More extensive measure 0; =--=uan aitr VnClteloont M a free fA' vehicit.
ments. go- tie senecs. of all of th prmeter Nr~R 2 ~l'.1
measured will1 be- required to determine whether this fia .,N£fae! q6Sean i: 3.1

oeC tcmefIne nt. J Ih&. ResnIL.3
is a- general or a particular result.

4) The existence of active double diffusive sig- =d mo.~ 3ea n tdeis of fite
natures on the intrusions in the corL of the Gulf 't. ~ zce ntena praint mairt- and Vmvt braLn- Mn the
Stream shows that high shear levels do not neces- 'ACL' j-ea Ge-hy. Res- £3Wk 9Mf
sadly ihibit thec formation of !hese structures. The Ga.,... K t t afod n s- .i7 if
possibility of such inhibition had been vwieued as a otin
limitation or. thec applicability of double diffusive amcn- c- =id w- M=L-. ir5:Sie-u sesoftrnAl
laboratory experiments- to thec ocean- uv A ,'m-j~rcp J- Gn-r. Ret-s. S. I-l

Gahwo. - G.- --A! It. H. Sdmrr.tw The atcmrAlI-- - The interpretation of the niicrostructure data eqzM--.pcc of twmutnui wrtcut ard soifields
wais greatly aided hy the si4multaneous use of several j- VL~rli nt L.Itk &-31.

instrumntns and the ElKS surveys- adjacnt to knILLK.tSin.adA3*i.192Ttcne
Bermuda- Further progress 'sill require more detled ':1. A t cbneti =d A.n u . 1w$ T41he
horizontal information than was done in FAME ande C4 tr il. dacn!: A. LatM19c
inteuation of the different measurement techniques I J. t-t 3. 2-1.
into a sind intuet the short horizontal scales C'-ej-. 31 C. 19w& lerAca rrwg 2cE 'at flnrn WH10!
of the finestructure and the vertical dispLacenrts a E Ge4T'I DmsRqw. tl11
by the intera wave field make comparison of the - . nu~- ith -XnbCm
results from individual irisirutnns very difi -w= r ad .T rneotctpte the
particularly in the main ihermnc-cline. pa m~ ad ul ia.J. flk". tkV= rc . 525s-55.-

Acrmns-dcmrnis. In doine this work. we have k-i j.~.i u rwcni., k.j~. Re.t . I iSt-
benefited from the effors wAd cooperation of many W
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On the Variability of Surface Temperature Fronts in the
Western Pacific, as Detected by Satellite.,vE sI . .

GUNNAR I. RODEN OEPi- eF AJ' RA_'1¥

Department of Oceanography, University of Washington, Seattle, WashingtojfVYI C AL REPORT NO.

The variability of sea surface temperature fronts in the western North Pacific is investigated by using
satellite and shipboard data On a 100 km by 100 km grid and on a time step of I week the satellite recog-
nizes the subarctic front, the subtropical fronts, and one to two fronts associated with the Kuroshio intru-
sion. The subarctic front is centered near 42°N and can be seen throughout the year. Frontal gradients
vary from 5°C/100 km in winter to 2'C/100 km in summer, and deviations from the mean latitude are
small. The subtropical front is seen only from late fall to early summer in the latitude range between
28°N and 33"N. Maximum frontal gradients are of the order of 3°C/100 km and occur in late spring. -4
Kuroshio fronts occur sporadically in the latitude range between 350N and 37°N. Because of the mean-
dering nature of this current and of the rather coarse resolutien used, these fronts are not consistently
seen. The findings by satellite are in broad agreement with those derived from shipboard observations
employing a similar sampling scheme. To study the relationship between satellite-derived temperature
fronts and atmospheric flow patterns, the subtropical front was related to the configuration of the wind
stass field. It was found that the oceanic front occurred near a persistent atmospheric front in a region
where the vorticity and deformation of tL.4 wind stress change sign.

INTRODUCTION the -.'rizontal temperature and salinity gradients such that the :

The western North Pacific is noted for three principal resulting horizontal density gradients are small, At the sea

fronts. In the north there is the subarctic front, which mean- surface the subarctic front is a temperature and salinity front

ders between latitudes 40'N and 431N and extends from Ja- throughout tne year, while the subtropcal temperature front

pan toward the central Pacific. It is clearly defined on satellite vanishes during summer because of intense slar radiation.
infrared images [Legeckis, 1978], on surface temperature maps It s of interest to investigate the arability of these fronts
(contoured maps of sea surface temperature west of longitude as seen by satellite, to compare the results to those obtained in

180' [Japan Meterological A.ency, 1956-19791), and on hy- presatellite days, and to relate the fronts to the atmospheric
1800 ~apanflow field.drographic sections [Uda, 1938; Roden, 1972]. Between 34*N

and 38°N the Kuroshio front is encountered, which extends in
a meandering fashion east-northeastward from Cape In- DATA
ubozaki in centrq! Japan to the Emperor seamount chain at The basic data used in this investigation are (1) weekly sea
longitude 170*E. This front ,s seen clearly in high-resolution surface temperature maps based on infrared measurements on
satellite infrared images [Legeckis, 19781, aircraft surveys earth-orbting satelltes, known as Gosstcomp (Global Opera-
[Cheney, 1977], and shipboard observations [Kawai, 1972; Ro- tional Sea Surface Temperature Computation) and issued by
den, 1975] during the colder part of the year. During summer, the National Enironmental Satellite Service 11977-1978]; (2)
when intense solar radiation diminishes the horizontal tem-! whn itens soar rdiaion imiishe th horzonal trn-10-day sea surface temperatures based on shipboard observa- -

perature contrast at the sea surface, the Kuroshio front cannot tions I Japan Meteorological Agency, 1975. 1l976a, b] (the 1975
always be detected by remote sensing or by analyzing surface lon ams mt or al e sur a bp(the 197

atlas contains monthly normal sea surface temperatures forobservations collected by ships, though this front remains well 1956-1970. digtized on a 10 latitude-longitude grid, the 1976a _-

defined below 50 m. In the south the subtropical front is atlas contains 10-day normal sea surface temperatures for
found. At the sea surface this front exists only during wi~ter January-June 1956-1970 and standard deviations of monthly
and spring, when it is encountered between latitudes 28 0N
and 33N. Observations by satellite [National Environmental normal sea surface temperatures. both digitized on a 10 lati-

tude-longitude grid, the 1976b atlas contains 10-day normal aSatellite Service, 1977-19781 indicate that it occurs inter- ture te aturesnfor 1 0 and
sea s, temperatures for July-December 1956-1970 and

mittently and that its position varies widely within the above maximum amaximum and minimum values of monthly mean sea surface
mentioned latitude limits. temperatures, all digitized on a 1 latitude-longitude grid),

The Kuru.hio front results from the large-scale intrusion of and (3) northern hemisphere sea level atmospheric pressure
warm and saline water into higher latitudes. The front is deep,highly baroclinic, and in quasi-geostrophic balance. The maps issued daily by the National Weather Service 11977-

contast ocur a th nother bond- 1978]. The maps were digitized at 10 latitude-longitude inter-strongest temperature contrasts occur at the northern bound-
ary of this intrusion. The southern boundary of this intrusion

A description of the methods used to reduce infrared mea-S is normally not visible in the surface teiputrature field be- 3
surements from satellite to sea surface temperatures is given

cause of the small temperature tonkasn-tye .esubarctic and by Brower et al. [1976]. Basically, retrieval temperatures are
subtropical fronts are related to Ekman-type conve-gence and cortefrefcsofamphictentonbuilzg
deformation [Roden, 1975]. They are typically shallow, well corrected for effects of atmospheric attenuation by utilizing

defined in temperature and salinity, but only weakly baro- file radiometer. The input into the Gosstcomp sea surface
clinic. The weak baroclinicity results from the near balance of temperature maps is based on averaging these data in both

Copyright 0 1980 by the American Geophysical Union. space and time. The spatial averaging is done in 100 km by

Paper number 9C1729. 2704
0148-0227/80/009C 1729$01.00
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Errorsqars prncialyo the urgncetintioes oneced mer. Bomrthros are abote 150-2100 km wid and are welld-

-~w~ith correcting for atmospheric attenuation [Barnett et al., fined between longitudes 140*E and 180"E. Meridional gradi-
19791. The accuracy of the horizontal temperature gradient is ents dominate. At the subarctic front these are of the order of
difficult to estimate from the available information. When the 30C/100 kin, and at the subtropical front they are up to 2*C/
horizontal temperature gradient occurs in an area of uniform 100 km. The lviroshio front is seen only vaguely in the Gosst-
ittmospheric attenuation, the uncertainty is of the order of comp maps: on March 15, 1977, it is visible between 35'N and
0.51-1 'C/100 km I Chahine et al., 1977]. When the horizontal 38*N and 155'E and 175'E, while on June 14, 1977, it is seen
temperature gradient lies in a region of variable atmospheric mostly off central Japan. The sporadic visibility of the Ku-
attenuation, the uncertainty is likely to be larger. roshio, front in 'the Gosstcomp maps is believed to be due to

spatial and temporal averaging procedures, which tend to sup-
RESULTS FROM SATELLITE OBSERVATIONS press transient meandering features on subgrid scales.

Satellite views of sea surface temperature in the North Pa- The week-to-week variability of the meridional temper-
cific are shown in Figures I and 2 for both winter and sum- ature gradient along longitude 165'E is shown in Figure 3.
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N0 50* '~'nHi ' 3 t j
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Fig 2.Satllte ap f ea urfcetemperiture for June 14, 1977, based or Gosstcomp maps [National Environmental
Satellite Service, 1977-1978).
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that area IRoden, 19721. Gradients in excess of 10C/ 100 km The meridional temperature gradient peaks between 34 0N
(black) are considered to be significant for locating the major and 38°N are associated with the Kuroshio intrusion. At in-
fronts. emtettms n rtopaswt eprtr rdet

At any one time, one to four peaks stand out, where the up to 30C/ 100 kmn are seen. The existence of double peaks
meridional temperature gradient exceeds I°C/l00 kmn. The (such as those on May 10, 1977) indicates meandering of the

dated with the subarctic front and is present throughout the peaks suggests that the meanders are not fully resolved on the
year. Maximum frontal intensities occur in winter, when tem- 100 km by 100 km grid scale used here. (The meanders are

perature gradients reach 5°C/100 kmn. Minimum intensities better seen on very high resolution infrared imagery wherea

are found in summer, when temperature gradients rrl x mb mgi sue Lgci,17] o hchwvrIceed 20C/ 100 km. There is comparatively little latitudinal no time series exist.)tl
moeetof the subarctic front during the course of a year, it The subtropical front is encountered between latitudes 280 1 L

movementU

_ _2
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NORTH LATITUDE time intervals, a comparison was made of the meridional tem-
440 410 36 °  320 280 24°  20- 16°  perature gradients at 165*E on weekly time scales. The results

2 - i656E are shown in Figure 5. Both the satellite data and the ship
JMA SHIPS 1956-1970 data clearly indicate the subarctic front at latitude 420 N and

ANNUAL MEAN the subtropical front at 31ON. The shapes of the curves are
1.5 A similar, though the peaks in the satellite data are slightly

higher than those in the ships data. Disagreement exists, how-
1 ever, in regions of weak meridional temperature gradients,

such as near 20N, which may result from satellite errors
(about 0.50C/100 kin), insufficient ship observations in low

0.5 - latitudes, or both.
E

0or ___ _j__________ ASPECTS OF THE FORMATION OF LARGE-SCALEIV

__ I I IOCEANIC -FRONTS

2 165 0E An initially inhomogeneous medium is necessary for fronts
SATELLITE MAR 1977-MAR 1978 to occur. The ocean is rendered horizontally inhomogeneous

1 t.5 ANNUAL MEAN by large-scale geographical variations of radiative and evapo-/
rative heat fluxes that set up primary temperature gradieneV
These primary gradients are subsequently concentrated ir-to

J frontal zones by convergence and deformation in the oc,,nic
flow field [Newton, 1978). Oceanic frontogenesis is dependent

0.5 thus on both the configuration of the flow field and dipon the
initial temperature stratification. The dependence upon both
of these factors cannot be overemphasized. A given favorable

0 configuration of the flow field (for example, a convergence
Fig. 4. Comparison of the magnitudes of meridional temperature zone) will lead to strong frontogenesis in some geographical

gradients based on data collected (top) in presatellite days and (ot- area and weak or no frontogenesis in others, depending upon
torn) by NOAA satellites, the primary thermal gradients in the area. The annual appear-

and 330N, The front is strictly seasonal in character. It is best ance and disappearance of the subtropical surface temper-

developed between March and July, when temperature gradi- ature front can be understood in these terms. In spring, when
ents are about 2°C/100 km. It is not found at the sea surface significant primary thermal gradient exist in the latitude belt

in summer and early fall, and it starts to re-form with the ap- between 25°N and 35°N (primarily as a result of gradients in

proach of winter. The position of the subtropical front varies radiative heat flux that have persisted through the previous

widely within the above stated latitude interval. fall and winter), surface temperature fronts are well defined in
satellite views (Figure 3). In late summer and early fall, well

COMPARISON BETWEEN SATELLITE defined in satellite views (Figure 3). In late summer and early
AND SHIPBOARD RESULTS fall, when primary thermal gradients are small (because the

To make a valid comparison, it is necessary to employ a radiative heat flux field is flat), no distinct front- are seen in
similar sampling grid and to sample at approximately the this latitude range. Because of the seasonal variation of the

same time intervals. The 10-day mean charts of sea surface primary thermal gradients, atmospheric disturbances during
temperature sampled at 10 latitude-longitude intersections
[Japan Meterological Agency, 1956-1979] are the closest data E ,8'N 400 32 24 °6
set compatible with the Gosstcomp satellite-derived sea sur- 4  i

-- face temperatures. 3 14 JUN 1977
A comparison of the annual mean meridional sea surface -- f 165°E

temperature gradients along longitude 165°E is shown in Fig- -2 SAT
ure 4. There is agreement between the two independent data f\
WSet. The strongest gradients are associated with the subarctic WIfront, which in both cases is centered near latitude 42 °N. The

ship observations give 1.5*C/100 km for the maximum gradi- -

ent, while the satellite observations give a slightly higher gra- a: 4
ient, namely, 2°C/100 kin. The Kuroshio front is not re- JU

solved in the ship observations, but it appears as a small peak 3 15 0

at latitude VON in the satellite observations. The temperature o65E

gradient associated with this peak is I°C/100 km. South of 2
latitude 320N the magnitude of the meridional temperature
gradient decreases gradually with decreasing latitude, at ap- Q

proximately the same rate in both data sets. The conclusion is
that on time scales of I year and longer the gradients derived __

by satellite are compatible with those derived from shipboard Fig. 5. Comparison of the magnitudes of meridional temperature
observations in presatellite days. gradients as seen by (top) satellite and (bottom) ships in mid-June

To ste whether such an agreement also exists at shorter 1977.

___-'-- ------- '---.-
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can be expected to be most clear-cut in regions of a shallow
pycnocline so that the wind effect is concentrated in a shallow
upper layer. Much less energy is then required to move the
water and deform the velocity field than is required in the case

/ "of a deep pycnocline. Such conditions are encountered in the
9 subtropics during early summer. Consider the period June 7-

14, 1977. During that period, persistent atmo-heric fronts
. 7-10 JUNE 1977 ATM FRONT \ were encountered in the latitude range betw, - 30°N and

-- .i 35*N, as is shown in Figure 6. Long-lasting fronts in the at-

'50 mosphere have been known to leave a signature in the ocean
[Shapiro, 19781, and it comes therefore as no surprise that an
oceanic front (dotted) is found near the atmospheric frontal
zone.

Atmospheric fronts are regions of concentrated wind stress.. .- \ gradients, and because of the importance of such gradients in

" -4~ Ekman dynamics it is of interest to study briefly the configu-
-  ration of the wind stress field during the period June 7-14,

S11JN171977. The gradients of the wind stress are best expressed in1-4JN197ATM FRONT term oftekn aicfO terms of the kinematic quantities of divergence, vorticity,
75, . '. shear deformation, and normal deformation [Kirwan, 19751. 3

These quantities are shown in Figure 7, which is based on the

stress of the quasi-geostrophic wind evaluated on a 1 lati-
i tude-longitude grid and computed from

-= yp ovv

/ 1 :N / , ,° Vqp,,x, + kup,.
: • * V.,- op k2)

I4 UNE 197 OCEAN FRONT ttqd

' ' where r and v. are the wind stress and wind velocity vectors at

ithe sea surface, respectively, y is the drag coefficient

Fig. 6. Location of the sea surface temperature front (bottom) in re- (1.5- 10-1), f is the Coriolis parameter, p. is atmospheric pres-
lation to atmospheric fronts (top and middle) in mid-June 1977. sure, p. is air density, i, is a vertical unit vector, and k is the

surface friction coefficient for the wind (2.5.10 - 1 s'), which
winter and spring have a greater potential for creating strong allows for cross-isobar flow (12*-18 ° in mid-latitudes) toward
fronts than those in summer and fall. lower pressures.

The outstanding feature in Figv z 7 is the bandlike struc- -
OCEANIC FRONTS IN RELATION TO ATMOSPHERIC ture of the wind stress field. Bands of opposite sign occur pair-

wise and in close proximity to each other. The atmospheric
A definite relationship between surface temperature fronts frontal zone between latitudes 30*N and 35*N is character-

and the wind stress field can be expected only where Ekman ized by positive vorticity and negative shear deformation, of
dynamics dominates the oceanic flow field and where a pri- about equal magnitude. as well as by weaker convergence and
mary horizontal temperature gradient exists. The relationship positive normal deformation. South of the atmospheric frontal

A0'E :50' 860' 170' :80 140'E 1,50' 6-0,' ;70' 180'

= i: .5 0 i' '. 170' 18' 140' 150' 16 170' 180' 1
SVORTICITY (N m-2  107) DIVERGENCE (N m-2  107l)

='40"E "50 :60'" 170' 180' 140'E 150' 160 170' 18'.

2101

35~* 35' 35T 2 -2~3
4' 2N N .O ~ -2-2

I0, , .QE;,- 71 1

2Y-s 7-14 JUE 97 y 2f ,- 71 JUNE 1.77 .125

140"E 150' 160' 170' I0 140'E' 150' 160' 170' 180'
SHEAR DEFORMATION (N -2  

i 1O7 ) NORMAL DEFORMATION (N m-2  I0 )

Fig. 7. Location of the sea surface temperature front (dotted) in relation to the configuration of the wind stress field, cx-_____

pressed in terms of vorticity, divergence, shear deformation, and normal deformation.

A___15-_ ___ _ 77 1W .' 1r 10 1(



RODEN: PACIFIC TEMPERATURE FRONTS 2709

zone, between latitudes 25N and 300N, the opposite is found. deformation of Ekman transports For predominantly zonally

The vorticity and normal deformation are negative, the shear oriented fronts, such as the subtropical front, the last term is
deformation is positive, and there is divergence instead of small. From (3) and (5) it can be concluded then that existing
convergence, thermal gradients will intensify most rapidly where the wind

The oceanic front (dotted) occurs where the wind stress vor- stress vorticity is strongly negative and the shear deformation
ticity, deformation, and divergence change sign, that is, at the of the wind stress is strongly positive. For the case of June
boundary of atmospheric circulation systems. Because posi- 1977 this occurs between latitudes 28°N and 30°N, slightly to
tive vorticity implies upward motion and negative vorticity the south of the existing temperature front (Figure 7). In this

-downward motion, the oceanic front is positioned between .,.gion both the vorticity and the shear deformation of the
upwelling and downwelling regions. wind stress act frontogenetically, and each term is of the order

To investigate how a wind stress field such as that presented of 4- 10' N m-1, yielding for the normal derivative of Ekman
in Figure 7 would change the intensity of an existing temper- flow 2.5- 10-' s', in view of (5). This horizontal velocity
ature gradient, consider the following simple but illustrative shear would have to be maintained for a month to double the
case. Assume that the atmospheric forcing consists solely of a intensity of the initial temperature gradient. Thus on 100-km
geographically variable wind stress acting upon an initially scales, considered here, substantial time is required to change
uniform temperature gradient. This can be expressed mathe- the intensity of a front by a factor of 2. This is to a certain de-
matically by [Roden, 19771 gree also borne out in satellite observations, in which the

weekly changes of the intensity of the subtropical front are
a Fv1 01 = -- -v,,e (2) much less than a factor of 2.

The above calculations are valid only for shallow fronts
where t is time, IV, 10 is the magnitude of the horizontal tem- dominated by Ekman dynamics. Fronts that are deep and are
perature gradient, and v, is the velocity component normal to related to deformation and convergence fields of inertial and
the front, the normal being taken toward increasing temper- geostrophic flow, such as the Kuroshio fronts, can be expected
atures. A simple integration leads to to have different time scales for doubling their intensity. At

present, these time scales cannot be estimated reliably because
Vxpxp - (3) of a lack of adequate field observations.

where IVAo is the magnitude of the initial temperature gradi-
ent. Concentration of this gradient depends clearly upon the CONCLUSIONS
time history of the velocity gradient normal to the front. Con- The following conclusions can be drawn from an analysis of
centration will occur when the integral in the exponent is neg- sea surface temperature fronts derived by satellite and ship,
ative, that is, when the velocity component normal to the utilizing a sampling grid of 100 km and a time step of about I
front decreases in the direction of the front over a period of week:
time. The intensity of an existing front will double when the I. In the western North Pacific the satellite recognizes the
integral reaches a value of -In 2 = -0.693. To relate the dou- subarctic front, the subtropical front, and, occasionally, the
bling time to the configuration of the wind stress field, it is Kuroshio front.
necessary to parameterize the Ekman flow by 2. The annual mean position of the subarctic front at

165°E is near 420N. Deviations from the mean position are
v = fsmall. The frontal gradients vary between 2*C/100 kn and

where v, is the water velocity, p is the water density, and D is 5*/100 km, being weakest in summer and strongest in winter.
the mixed layer depth, and to express the normal gradient of 3. The subtropical front is defined clearly only from late
the normal velocity component in terms of wind stress vorti- fall to early summer, during which time it is found between
city and deformation. (Pure rotation does not contribute to- latitudes 28*N and 33*N. Its intensity is strongest in spring,
ward the concentration of velocity gradients; hence a term when the thermal gradients reach 3*C/100 km.
proportional to the divergence of the wind stress does not ap- 4. The Kuroshio front, when seen, occurs between 35°N
pear in the equation below.) and 37 0N. One or two peaks, with gradients up to 3°C/100

km, are found at 165 0 E. Double peaks are probably associ-

"n -2- vios hydrographic surveys.

5. On annual time scales, agreement exists between the -

+)+ + _ tan 4 cos 2a fronts seen by satellite and those derived from shipboard ob-2 o 0 CAr ol pD rsrvations.

1 1-sThe following conclusions can be drawn from a study of the -1_- tan sin 2a atmospheric forcing of the subtropical front:
2 rcos.0 ;A pfIj r 4~ ipfj DIr

1. The subtropical oceanic front occurs near a persistent
(5) atmospheric front.

2. With respect to the configuration of the wind stress
where r is the earth's radius, A is longitude, 4, is latitude, and a field the subtropical front is located where the vorticity, defor-
is the ang*c between the tangent to the front and the east di- mation, and divergence of the wind stress change sign.
rection. The first right-hand term deno'es the convergence of 3. A considerable amount of time is required to double
Ekman transports, the second indicates the normal deforma the intensity of an existing thermal gradient by wind action.
tion of Ekman transports, and the third describes the shear On 100-km scales, considered here, the doubling time is of the

-iV
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order of I month for a typical horizontal Ekman velocity Kirwan, A. D., Oceanic velocity gradients, J. Phys. Oceanogr., 5, 729-
shear of 2.5 • 10' s-'. 735, 1975.

Legeckis, R., A survey of worldwide sea surface temperature fronts
Acknowledgments. I am indebted to C. Barnes and M. Rattray for detected by environmental satellites, J. Geophys. Res., 83, 4501-

advice. The research was supported by the Office of Naval Research 4522, 1978.
under contract N-00014-75-C-502, NR 083-012. Contribution 1139 National Environmental Satellite Service, Weekly maps of Gosst-,
from the Department of Oceanography, University of Washington. comp sea surface temperature for the North Pacific Ocean, Ser. MN

135 E, Nat. Oceanic and Atmos. Admin., Washington, D.C., 1977-
REFERENCES 1978.

National Weather Service, Daily maps of northern hemisphere seaBarnett, T. P., W. C. Patzert, S. C. Webb, and B. R. Bean, Climato- level atmospheric pressures, Nat. Meteorol. Center, Suitland, Md.,
logical usefulness of satellite determined sea surface temperatures 1977-1978.
in the tropical Pacific, Bull. Amer. Meteorol. Soc., 60, 197-205, 1979. Newton, C. W., Fronts and wave disturbances in the Gulf Stream and

Brower, R. L., H. S. Gohrband, W. G. Pichel, T. L. Signore, and C. C. atmospheric jet stream, J. Geophys. Res., 83, 46974706, 1978.
Walton, Satellite derived sea surface temperatures from NOAA Roden, G. 1., Temperature and salinity fronts at the boundaries of the
spacecraftTech. Memo. NESS 78,74 pp., Nat. Oceanic and Atmos. subarctic-subtropical transition zone in the western Pacific, J.
Admin., Washington, D.C., 1976. Geophys. Re., 77, 7175-7187, 1972.

Chahine, M. T., H. H. Aumann, and F. W. Taylor, Remote sounding Roden, G. ., On North Pacific temperature, salinity, sound velocity
of cloudy atmospheres, Ill, Experimental verifications, J. Atmos and density fronts, and their relation to the wind and energy flux
ScL, 34, 758-765, 1977. fields, J. Phys. Oceanogr., 5, 557-571, 1975.

Cheney, R. E., Synoptic observations of the oceanic frontal system of Roden, G. 1., On the subarctic fronts of the central Pacific: StructureJapan, J. Geophys. Res., 82, 5459-5468, 1977. of and response to atmospheric forcing, J. Phys. Oceanogn. 7.761-
Japan Meteorological Agency, Ten-day marine report, Tokyo, 1956- 778, 1977.

1979. Shapiro, M., Oceanic fronts: A summary of a Chapman Conference,
Japan Meteorological Agency, Oceanographic Atlas of the North- Eos Trans. AGU, 59, 490, 1978.

western Pacific, Vol. , 90 pp., Tokyo, 1975. Uda, M., Researches on "siome" or current rip in the seas and oceans, 9N
Japan Meteorological Agency, Oceanographic Atlas of the North- Geophys. Mag.. 11, 307-372, 1938.

western Pacific, Vol. 2, no. 1, 112 pp., Tokyo, 1976a.
Japan Meteorological Agency, Oceanographic Atlas of the North-

western Pacific, Vol. 2, no. 2, 122 pp., Tokyo, 1976b.
Kawai, H., Hydrography of the Kuroshio extension, in Kuroshio:

Phys cal Aspects of the Japan Current, edited by H. Stommel and K. (Received October 3, 1979;,
Yoshida, pp. 235-352, University of Washington Press, Seattle, revised Decemher 11, 1979,
1972. accepted December 17, 1979.)

J,
I111

I

_ ii
N -

= _



UNCLASSI FIED 4___
S(UNtiTV CLASSIFIC.ATION OF THIS PAGE (Who, 010g Inaerod)

REPORT DOCUMENTATION PAGE RA t~RCIN
BEFORE COihPLETING FORM

I $REPORT NUMBER 12 GOVT ACCESSION NO. . RECIPIENT'S CATALOG NUMIIIER

378 TILi(n TYPE OF REPORT a PERIOD COVERED2

The Depth Variability of Meridional TECHNICAL REPORT
Gradients of Temperature, Salinity and A___________Sound Velocity in the Western North 41. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(Q .s)C 0411N US1@

Go I. R~oden

9. PERFORMING ORGANIZATION NAME AND ADDRESS Ia. PROGRAM ELEMENT. PROJECT. TASK

UNIVERSITY OF WASHINGTON AE OKUI UBR

DEPARTMENT OF OCEANOGRAPHY PROJECT NR 083-012
SEATTLE, WASHINGTON 98195 ___________

It. CON4TROLLING OFFICE NAME AND ADDRESS It. REPORT OATE

ONR BRANCH OFFICE 1980
100ESTGENSTET1. NUMUER OF PAGKS

PASADENAP CALIFORNIA 91106 _ _ _ _ _ _ _ _ _ _

14MONITORING AGENCY NAME G ADDRESS(5i different from Controflling OffcO) 1S. SECURITY CLASS. (of Ohio e or.)

14&. DEC ATOIDWCRDN

Is. DISTRIBUTION STATEMENT (of this Report)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITRD

17. DISTRIBUTION STATEMENT (of the absatentered In Block 20. It different hwo RovPt)

_ IS SUPPLEMENTARY NOTES 1979

REPRINT FROM: Journal of Physical Oceanography, Vol, 9, No, 4,p

to. KEY WORDS (COuffm 40. aor* sea ide of necessary and Identif by 0 block INotisO)

Meridian gradients
Temperature
Salinity
Western North Pacific
Sound velocity0

20. ABSTRACT (Continueo n rover"n aid* if fteoasf and identify by black Amer.)

In the wcalcin North Pacific. nueridionAl graidient!, of temperature, salinity nod sound Velocity
s.how considerable variation with depth. Grdintb of flusntal intensity ( More than three times the rins
value) occur in thc upper 6W) mn of thc ocean. Fronts iq the surface layer arc spaced at irregularj intlrvAs. Many deep fronts have no surface manifestation and arc spAced at intervals between 300
and 600 kmn. A spectrial an~alysis of the inetidional gradients as functions of depth and longitude was I

j carr ied out for the wtvcnUMIaer raange between 0) and 13.4 cycles per 1000 km tep. 1(000 kin). Ibe shape
of the po~ca denlsity spectra stronly dcpends on depth. lIn the upper 150 In the shape is irregular.
between 300 and 600 In. the .pectsia bhow a well-defined peak between 1.5 and 3.3 c.p. 3000 km and aI sharp dccic~s in power bc~ond 10 c.p. 11)01 kmi.

DO JAN RMI 1473 EDI TION OFl I NO0V6 4IS OBSOLETE UCASF l
SECURITY CL %SSIPICAT'nIN OF THIS PAGE fWke" Date Bacereal



UNCLASSI FIED i
SECURITY CLASSlIICATION or THIS PAGE ("O lsts Entered)a

RPR CMNAINPAGE TREAD INSTRUCTIONSREPORT OCUMENTTION NO COMPLETING FORM
I REPORT NUIMIER 12 GOVT ACCESSION NO RIECIPIENT'S CATALOG MUMBmER

379
4. TITLE (Awd S-4-itleis)ITP FRPRTPRO OEE

On the Subtropical Frontal Zone North TECHNICAL REPORT
Of Hawaii During Winter

7. AUTHOR(*) C. CONYORC OR SNAM? NUM6914E.)

Go I. Roden N-00014-75..C.0502

9 PERFORMING ORGANIZATION NAME ANO ADDRESS III. PROGRAM ELKMEljs0 LPRJCT. TA9K

UNIVERSITY OF WASHINGTON AREA & WORK Ulf NUME R

DEPARTMENT OF OCEANOGRAPHY PROJECT NR 083-012
SEATTLE,_WASHINGTON__98195 ___________

It. CONTROLLuING OFFICE NAME AND ADDRESS It. REPORT DATE

ONR BRANCH OFFICE 1980
10-30 EAST GREEN STREET IS. "UDE or P^0911
PASADENA$ CALIFORNIA 91106 __________

14 MONITORING AGENCY N4AME 6 ADORESS(If differtint ft., Controifng Offico) IS. SECURITY CLAILI lot ff1. trolt)

UNCLASSI FIED

too. DE~S1JICATIO101165M0RAOINO11

10 DISTRIBUTIOM STATEMENT rof this Nbo"")

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION 'UNLIMITED

11. DISTRIBUTIOM STATEMENT (of Cho ffftoc- ontft.E too Block".0 It Eol efai 101n Advf)

ISSUPPL EMENT ARY 114f:Tr$

REPRINT FROM: Journal of Physical Oceanography,, Vol. 109 1979

iS. KEY WORDS rC*RlvW* Gn totvf*oo iplo Itlnie.oomy and tllontoy by isock 0emi)

oceanic fronts
Subtropical frontal zone

fuci an paUIsnnbu altenCiIIIk pai t~ Uit t w rit of 197 w hn ay ta tud %%~a%:i mad II the a'. ents

14~. 1 ;sucit lN ft eu ppef 125 ) T H it thI.,c ,. hci a iarly vrictal andgate 'IchI.arnativitl by temperai

lute JAN ulyn moun DIk~t gidini of NOV I * SS 07knOLET%.2 irt an 2ti E



UNCLASSIFIEDI ___

SIEC UNITY CLASS#fI(I AT IONd OfI 141* PA(.F (Who. 3i'as *Fn'e..dr

BFRE COSTPUETINSORREPORT DOCUMENTATION PAGE BEF RED COMTPLTINORM
IREPORT 14UMDER 12 GOVT ACCESSION NO NECIPIENT'S CATALOG HUNGER

4 TILE (nd SAtifs) 6TYPE OF REPORT S PERIOD COVEREDA

Upper Ocean Workshop, sumr eotTECHNICAL REPORT

S. PERFtORMING ONG. REPORT HUNDER

7. AUTNOR(e) a. CNTAXI-I ON GRANT NUN-stre)J

Me C. Gregg IN-00014-75..C-0502

S- PERFORMINGO ORGANIZATION NAM4E ANo ADDRESS IS. PROGRtAMEL.EENT. PROJECT. TAS

UNIVERSITY OF WASHINGTON AE OKUI UMR
DEPARTMENT OF OCEANOGRAPHY PROJECT NR 083-0 12
SEATTLE,_WASHINGTON__98195 ___________

11. CONTROLLING OFFICE NAME A140 ADDRESS It. REPORT DATS

ONR BRANCH OFFICE 1980
1050 EAST GREEN STREET MUEROPAS

PASADENA, CALIFt)RNIA 91106 __________

14 MONITORING AGENCY NAME SAOORZESS(It dftifeen 19o Csnsrofi, S Office) IS. SECURITY CLASS. (of SMS ftp"e)

UNCLASSI FIED
Its. OXCLASSIFICATIOMIOORAOING

GCNEOULE

1S. DISTRIMUTION STATEMENT (of this Aepaff)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

10 SUPPLEMENTARY NOTESW

it. Kay WORDS fCON&WO*. an fw"" sde fianeoewr - 1detUm'r blech elr

Upper oceanI
-A Atmospheric forcing

26 ATRAC? (CAMIw an revers e iI n0~0807n OW 1~9ml1F by billcA amoe)

Approximately 30 academic physical oceanographers interested in

observational programs in the upper occan met for informal discussions

from 3-5 March 1980 at Timberline Lodge, Oregon. The emphasis was on

ideas for future research, including that work concerned with the direct

response of the upper ocean to atmospheric forcing.

SIN 0 10 1-a14- seat ___________________________

SECURITY CLAIISIFICATION OF THIS PAGE (oh" I Baesese)



UJNCLAS.;I F1 ED) ____

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS_________________________________________ BEFORECOMPLETINGFORM
I REPORT ftMBLER !j G.OVT ACCESSION NO. 3 RECIPIENT'S CATALOG HUMMER

381

4 TITLE (and S.blillej 8 TYPIE OF REPORT SPEP4OD COV11RED10

Signatures of Mixing from the Bermuda TCNCLRPR
Slope, the Sargasso Sea and the Gulf 6*PROUN RG EOTWME

Stream

1. AU)ThORS.) I. CONTRACT 006GRANT NuIJMIR(o)

N-OO 1 4-75-C-0502
Me C, Gregg and T, Be Sanford

S. PERFORMING ORGANIZATION NAME AND ADDRESS PROGRAPR

UNIVERSITY OF WASHINGTON AE.O~U'U'BR
DEPARTMENT OF OCEANOGRAPHY PROJECT NR 083-012
SEATTLE,0 WASHINGTON 98195

It. CoNTOLLIN OFFVICE NAME ANO ADDRESS It. REPORT OATS1
ONR BRANCH OFFI-E
1030 EAST GREEN STREET IS. 111,M19ER1 OF PAGES

PASADENA, CALIFORNIA 91106___________
ISMONITORING AGEN4CY N4AME 6 AOORESS(Ig diffrnuu Im.. Cmntifea Gigs.) IS. SECURITY CLASS (of IN@ fopouli

UNCLJASSIFI ED
1". CkSIICAT1bON INGRAOWNG

16. CISTROIBUTION STATEMENT (of into Rove")

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

17. DISTIBUTION STATEMENHT (St the bstrew iniffd #A814 Co H *0.1 11m*a ke u'&ON

IS. SIJPPLEMENTARV NOTES

REPRINT FROM:
Journal of Physical Oceanography, Vol, 10,
No. 1, 1980

It. Kay WORDS fCn"We an... oorm Oft .o.m 91m~e d Ida"It' by. ml .nmer)

Mixing
Bermuda Slope
Sargasso Sea
Gulf St

20. AGSTRACT X10fe ~on MV00 *$oetdo Of necm.01 Swd tdel tyt 67 611ek AO)

Ncaly tintiltsncu% pitshIlcb of tcmrncratuic micztmtrumcture iand velocity 3,hcag wcre made adjaccat-
to the islantI of Ilcrntut~i. Piolilci, %ith ccviitcd micrto-muciturc lcveb3 %cic found in m.Iune asiociaio j
with tcgioi of piinouticcd 3.tcphikc linct:.ructuic. which containcd ticarty adbtic rcgjuns from 2 to
t0 mn thick. Thc tenipciatuic ipcctra and the prc~cnce of numcrou% centinicter-cat: tcnipcIutlc

_A iivcr~ioib gJ1vc cvIJltcc that uctivc tuibulent mixi.ng was occurnng in .tume ofhcicc etont. 1hec wcrc
thec Iutathini in which lavgc-3,ciat 3.urveyA. ieportcd by Hogg ri at. t 1978). found thAt cddie3. impinging
tin the i3.1and %crc lolLing ulionghoic flow.

Although the mixing wa% inlern by comptariwn with piofilce. in the thasnocline. the limited Sco-
giaphical citictt of thc .sflcted arcai, and the moderate Icvch. indwatc that mining adjacent to mlan&h 6
of manor sipoitancc oin A globAl bms

D O ""Ps 1473 EDITON OPw INOV 66 IS OB1SOLETE 9LSTT~JAN ~SIN 0302-014-863 NL~su y
SaCuRITV CLASSIFICATION 0F THIS PASS (Whm DOM D0411euO

~ Zr . -- - -



f ~~t U64t 1 ~I t~ At S1UN4 bf* illi PA..t 10hm...latI** f.-i'eeedf EDISRCIN

REPORT DOCUMENTATION PAGE J SRE COMTRUETINSOR

R EPORT tMUhiER !a GOVT' ACCESSION NO RECK PuNSI CATALOG NUM82R

* TILE WidS....t.,I TYPE OF REPORT aPERODCOValtao

On the Variability of Surf-ace TECHNICAL REPORT
Temperature Fronts in the Western
Pacific, mus Detected by ;zstvel te 4- PsmFORMr ne m. SPORT uMsan

7. AUTmOnfat 0- CONTRACT 0R OmAuT uuussm.11(o
Go I. Roden N-OOO1 4-75-0-0502

9 PERFORMING ORGANIZATION NAMIE AND ADDRESS GUAMen al mENT.PRjeci. ?MKf
UNIVERSITY OF WASHINGTON 1 P T
DEPARTMENT OF OCEANOGRAPHY PRJCTM 083-012
SEATTLE,_ WASHINGTON__98195____________

It. CONTROLLING OFFVICE NAMIE AND ADDRESS 09 RPORT OATS
ONR BRANCH OFFICE 18
1030 EAST GREENi STREET It. 111101911 Of' PAO
PASADENA, CALIF'ORNIA 91106

14 MONITORING AGENCY NAME G ADOREISS(fItt di 1mfbm Conrolling 0111116) 111, 8CUMTV CLAWS (of e SI. .m

UJNCLASSIFI ED

ft. DISTRI1111TION STATEMIENT (of tiRe pot)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

17. OISTRIfUTION STATEMIENT (&#Rh alat. .b.Ie d islt". II el1sem, k a..g3

Of. SUPPLEMENTARY NOTES

REPRINT FROM: Journal of Geophysical Research, Vol, 85, No, C5.
1980

!9- Kay WOR0e fc Ci~e am in .5*51o *ee. of *0 E dadw itf or Wow mSr

Temperature fronts
Satell-ite
Western Pacific

so. A9STRACT (Cawev n oM re 4 111,om eI*9E.... ied 51wi* sy Mek .

The vanabmlity W 3t. surfaeg Imperatute fronts in1 the sta Nortir Psati se aipasi by a
anielile and bbspboafd data U& IOUkm by lIE) km SWn ad n a uzac ste o we& l theilils n -W

amt the suabard.l: trust the sutbukAl frots ald owe to tunfronts aswmdatg isol shedo I imhw -
moo Thc aubarali front Is etcrd weas 42'N ad cam be awn thtoogbout the )vau. Frontal SnAmies
vary (film~ 5'CIIOUI kin in winta t o 2-C/ IO kim inI swfua and devuauoimsi u tse ew~e an
sMRA TIMe sutittupial .wit Is mxn1 onlly Itwi late rall to Carly sur ua san & toi. raaW Ion
29"N aud -13*N Moutnum Iftiul gsadients atc of the #otdcr of 3*C/IWO km a"d .cw as It" Ipnma
Kwr~obS 5kp1 fouitt ooxpsioadcaly III the: latatudc rang boct'oe 35-N and 37*N.

DD ~'V 1473 EDI TIONI OF I NOV 655$ OSOLETE NLSSFE
JAN 7 ~ S/N OI0a-014-001- NCASIFE

SECURITY CLAMSPICATION OF TNIS PAGEI MINI Seal STO-O



FOR UNCI-ASSIMFlEl' TECHNICAL REPORTS, REPRIUTS & FINAL. REI'ORrS

PU.BL.ISlHED BY OCE.ANOGRAPHlIC CU I'Atr.-

OF THE OCEAN SCIENCE & TECHNOIX;Y DIVISION

OF TIlE OFFICE OF NAVAL RESEARCH

12 DCtenSC Dcug--ILation CeutLcr
Came-ron Station
Alexandria, Virginia 22314

Office of Naval Resarch
Department of the Navy
Arlington, Virginia 22217

6 ATTN: Code 102-IP

1 Cognizant ONIK Branch Office
1030 EaUE Grcei Street
Pasadena. California 91106

I ON Resident iepresentatlve

Director
Naval Research Laboratory
Washington. D.C. 20375

6 ATM: Library, Code 2627

Scientific olficerNORM

Bay St. Louis, Mississippi 39520

I ATTN: Code 461

L


